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Abstract 
Soil seed banks act as reservoirs of diversity for plant communities and can be vital to the re-
establishment of habitats post disturbance. Whilst terrestrial seed banks have been well studied, 
relatively little is known about seed banks of estuarine plant communities across the coastal landscape. 
Despite this, coastal ecosystems are among the most threatened in the world and a detailed 
understanding of seed bank dynamics could play a critical role in their restoration. The aim of this study 
was to quantify the composition of seed banks, and determine how they are related to the composition of 
above ground vegetation, in three threatened estuarine plant communities, swamp-oak forest, saltmarsh 
and mangrove forest, at three locations on the south coast of New South Wales, Australia. More 
specifically, variation in seed banks was examined at three spatial scales: (1) amongst the three 
vegetation communities; (2) between single species-dominated microsites within the saltmarsh 
community; and (3) with soil depth. The seedling emergence method was used to determine the identity 
and quantity of seeds in the seed bank by collecting soil cores of known volume, placing them in 
greenhouses under conditions favourable to germination, and counting and identifying individual 
seedlings as they emerged. In total, 9117 seedlings emerged from 87 species and seed banks varied 
significantly with community type in density, richness and composition. Saltmarsh communities had the 
largest density of seeds and swamp-oak forests were the most species-rich. Although the seed banks 
were much richer in species, the abundance of the dominant species in the seed bank largely reflected 
the species assemblage of these above ground plant communities. In contrast, mangrove forests had 
relatively low densities of seeds, which were predominantly from plants typical of the saltmarsh. Across 
all vegetation communities, the seed bank was dominated by a few saltmarsh species, and Juncus 
kraussii and Samolus repens collectively accounted for 75% of germinating seedlings. Within saltmarsh, 
fine scale variation in the densities of seeds was related to variation in dominant above ground vegetation 
for some species. Seeds were present at all depths, but seed density and species richness varied with soil 
depth, with the greatest number of species occurring in the upper most layers of soil. This first study of 
seed banks across the coastal estuarine landscape in Australia revealed that in general seed banks 
among communities are distinct and represent the key taxa of the above ground communities, despite 
the presence of additional species. Considering their critically threatened status in New South Wales, the 
rich and abundant seed bank present in swamp-oak and saltmarsh communities is likely to play an 
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Soil seed banks act as reservoirs of diversity for plant communities and can be vital to the re-
establishment of habitats post disturbance. Whilst terrestrial seed banks have been well studied, 
relatively little is known about seed banks of estuarine plant communities across the coastal 
landscape. Despite this, coastal ecosystems are among the most threatened in the world and a 
detailed understanding of seed bank dynamics could play a critical role in their restoration. The aim 
of this study was to quantify the composition of seed banks, and determine how they are related to 
the composition of above ground vegetation, in three threatened estuarine plant communities, 
swamp-oak forest, saltmarsh and mangrove forest, at three locations on the south coast of New 
South Wales, Australia. More specifically, variation in seed banks was examined at three spatial 
scales: (1) amongst the three vegetation communities; (2) between single species-dominated 
microsites within the saltmarsh community; and (3) with soil depth. The seedling emergence method 
was used to determine the identity and quantity of seeds in the seed bank by collecting soil cores of 
known volume, placing them in greenhouses under conditions favourable to germination, and 
counting and identifying individual seedlings as they emerged. In total, 9117 seedlings emerged from 
87 species and seed banks varied significantly with community type in density, richness and 
composition. Saltmarsh communities had the largest density of seeds and swamp-oak forests were 
the most species-rich. Although the seed banks were much richer in species, the abundance of the 
dominant species in the seed bank largely reflected the species assemblage of these above ground 
plant communities. In contrast, mangrove forests had relatively low densities of seeds, which were 
predominantly from plants typical of the saltmarsh. Across all vegetation communities, the seed bank 
was dominated by a few saltmarsh species, and Juncus kraussii and Samolus repens collectively 
accounted for 75% of germinating seedlings. Within saltmarsh, fine scale variation in the densities of 
seeds was related to variation in dominant above ground vegetation for some species. Seeds were 
present at all depths, but seed density and species richness varied with soil depth, with the greatest 
number of species occurring in the upper most layers of soil. This first study of seed banks across 
the coastal estuarine landscape in Australia revealed that in general seed banks among communities 
are distinct and represent the key taxa of the above ground communities, despite the presence of 
additional species. Considering their critically threatened status in New South Wales, the rich and 
abundant seed bank present in swamp-oak and saltmarsh communities is likely to play an integral 
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Chapter 1: Introduction & literature review 
 
1.1 Coastal vegetation complexes 
It is well known that coastal vegetation is structured by biotic interactions (e.g. competition and 
facilitation) amongst resident plants (Bertness and Leornard 1997; Crain et al. 2004), as well as 
differential plant responses to abiotic conditions, such as salinity and tidal height (Crain et al. 2004; 
Pennings et al. 2005; Zedler et al. 1995). The role of many demographic processes, such as 
reproductive output and propagule dispersal, in structuring coastal vegetation communities has also 
received much attention (e.g. Huiskes et al. 1995; Minchinton 2006; Neff et al. 2005). However, 
relatively little is known, compared with terrestrial systems (see section 1.2), about whether coastal 
plant communities form diverse and persistent seed banks and the potential contributions of these 
to the composition and spatial configuration of the standing vegetation. 
 
The aim of this introductory chapter is to provide a generalised framework for understanding the 
ecological importance of soil seed banks in coastal vegetation communities. I begin by defining seed 
banks (section 1.2.) and then present a literature review on studies of seed bank dynamics within 
coastal vegetation communities, such as saltmarshes, mangrove and estuarine forests. My specific aim 
in this review is to identify significant gaps of knowledge within the international literature in order 
to frame the scope of my research. In the final section of this chapter (section 1.5) I provide an 



















1.2 Soil seed banks  
1.2.1 Ecological role of seed banks  
Soil seed banks form when seeds are incorporated into the soil and remain dormant and viable 
(Baskin and Baskin 2001; Leck et al. 1989). Seed banks are fundamental components of plant 
communities as they act as reservoirs of biodiversity and contribute to the population dynamics of 
the above ground (i.e. standing) vegetation. Seed banks play an important role in species persistence 
at a locality by allowing plants to bridge periods of undesirable germination and growth conditions 
(Fenner 1985; Vila and Gimeno 2007). The presence of viable seed in the soil also confers plant 
community resilience to stochastic resource availability and physical disturbances, such as fire, which 
cause damage to mature standing vegetation (Bakker et al. 1996). Thus, predicting the dynamics and 
diversity of plant communities must consider seed banks in addition to ecological process and 
interactions within the above ground components of vegetation (Major & Pyott 1966).  
 
As a whole, seed bank composition (i.e. identity and relative abundance of constituent species) is a 
product of plant-pollinator interactions, reproductive output, dispersal capability, propagule 
settlement and survival, and ability to become incorporated and stored within the soil  (Chambers 
and MacMahon 1994; Fenner 1985; Leck et al. 1989). Once incorporated in the soil, the ability of a 
seed to remain dormant can boost both the genetic and species diversity of future plant 
communities that emerge from the seed bank following disturbance to the standing vegetation 
(Honnay et al. 2008; Kalamees et al. 2002; Levin 1990; Luzuriaga et al. 2005). Furthermore, 
persistent seed banks can increase the effective generation time for a species by allowing potential 
progeny of a plant to enter the population at a time much later than the date of production and, in 
many cases, years or even centuries after the death of the parent plant (Baskin and Baskin 1978; 
McGraw et al. 1991; Moriuchi et al. 2000). Periods of viability differ considerably from species to 
species (Thompson 1987) and some seeds have been shown to last for hundreds of years (McGraw 
et al. 1991). Regardless of the period of viability, seed banks allow plant species to spread 
germination risk through time, acting as a memory of seed rain fluctuations and providing a potential 
source for regeneration into the future.  
 
1.2.2 Seed bank types 
Attempts have been made to classify seed banks based on the persistence of species in the soil 
through time as well as the morphological and physical (e.g. seed size, shape, seed coat architecture) 
attributes that influence seed persistence and depth distribution in the soil (Bekker et al 1998; 
Thompson 1987; Thompson and Grime 1979). A transient seed bank is defined as consisting of 




germination soon after production only (Bakker et al. 1996; Leck et al. 1989; Thompson and Grime 
1979). Short-term persistent seed banks consist of species whose seeds persist in the soil for longer 
than a year but generally less than five years and may be important in maintaining plant populations 
during periods of low reproductive output  (Bakker et al. 1996). Long-term persistent or permanent 
seed banks consist of species with seeds that remain viable in the soil for a minimum of five years 
(Bakker et al. 1996). While these definitions are general, and will no doubt vary from one plant 
community to the next, they provide a conceptual framework for assessing the ecological 
importance of seeds in their capacity to contribute to above ground vegetation over time 
(Chambers and MacMahon 1994; Thompson 1987). 
 
While the seed banks of terrestrial systems are well studied and understood (Leck 1989; Thompson 
1987), knowledge of seed banks in estuarine vegetation systems is relatively limited, with few studies 
on the seed banks of saltmarsh systems (Adam 1990; Ungar 2001) and nearly none in mangrove and 
coastal swamp communities (but see Gooden and French 2014; Harun-or-Rashid et al. 2009). 
Despite this, these coastal ecosystems are among some of the most threatened in the world (Adam 
2002; Valiela et al. 2001) and a detailed understanding of the seed bank dynamics could play an 























1.3 Seed banks in estuarine vegetation communities – a literature review 
1.3.1 Scope of review 
As dictated by available literature and the specific research questions of this thesis, which focus 
predominately on saltmarsh, the review of current knowledge on seed banks in estuarine 
environments focuses primarily on saltmarsh communities, using examples from swamp-oak and 
mangrove forests where possible. Specifically, from the research into saltmarsh seed banks to date I 
will critically review and analyse key topics that form the basis for my research: (1) how seed banks 
are structured across discrete vegetation communities in estuarine landscapes; (2) how seed banks 
relate to above ground vegetation both across communities as a whole, and within communities 
relative to dominant vegetation patches; and (3) how seed banks vary with soil depth. I also review 
methods used to assess soil seed banks, which guided standards of best practice for my own 
research. To my knowledge, no studies have been published on seed banks of saltmarshes in 
Australia, and as such I have attempted to incorporate knowledge of Australian saltmarshes that may 
be of relevance to contextualising overseas seed bank research. As the available literature on seed 
banks in saltmarsh communities is relatively limited I have attempted to encompass as many studies 
as possible into a summary table as an overview of current knowledge (Table 1). 
 
1.3.2 Seeds of halophyte species  
Ungerminated seeds of many halophyte species (plants that grow in saline conditions) have the 
capacity to remain dormant in the soil, thereby forming a temporary or persistent seed bank (Ungar 
1987). In the estuarine environments they inhabit, halophyte seeds, as with their complimentary 
vegetation, have to tolerate a range of harsh and unique environmental factors such as water 
inundation of varied duration, depth and salinity, and a soil substrate that is dense, oxygen-deficient 
and highly saline (Leck 1989). In Australia, establishment from seed is the primary mechanism by 
which salt marsh species colonise new sites (Adam 1990), although some perennial species of 
saltmarsh spread vegetatively and flower and set seed infrequently, such as the grass Sporobolus 
virginicus. This means that salt marsh seeds must be able to survive in highly saline habitats, although 
interestingly it has been found that the germination response of halophytes and glycophytes (plants 
that grow healthily in low salinity soils only) to high levels of salinity is similar, reducing the number 
of germinating seeds and delaying the onset of germination (Ungar 1995). What does distinguish 
these plant types however, is the ability of halophyte seeds to retain their viability in highly saline 
waters for long periods of time, which the majority of glycophytes cannot (Ungar 1995; Woodell 
1985). Many of the seeds of halophyte species have primary or secondary dormancy mechanisms 
that are triggered by high salinity, which osmotically inhibits seed germination until an influx of fresh 




shown to be the case for Australian saltmarsh species, such as Juncus kraussii, which had 100% 
germination in fresh water experiments yet failed to germinate in 30 ppt salinity (Greenwood and 
MacFarlane 2006). Likewise, Green et al. (2009) found rainfall to be a major factor in vegetation 
changes at a restored saltmarsh near Newcastle, Australia, where extensive germination of 
Sarcocornia quinqueflora and Suaeda australis were only evident after extensive rainfall periods. Thus, 
for many species, it is evident that the formation of a seed bank is necessary to overcome abiotic 
stress, although there is little understanding of how seed accumulates through space and time and 
the subsequent composition of seed bank assemblages. 
 
1.3.3 Saltmarsh seed banks 
Saltmarshes are distributed across many of the world’s coastlines and the seed banks of saltmarsh 
communities have been studied in various locations: USA (Morzaria-Luna and Zedler 2007; Egan and 
Ungar 2000; Smith and Kadlec 1983), The Netherlands (Wolters and Bakker 2002; Jerling 1983; 
Erkilla and Heli 1998), Great Britain (Ungar and Woodell 1996; Milton 1939), and Spain (Maranon 
1998) (Table 1). Research on saltmarsh seed banks have variously focused on general composition of 
the seed bank (Milton 1939), temporal or seasonal comparisons (Hopkins and Parker 1984; Maranon 
1998), effects of salinity (Egan and Ungar 2000), waterlogging (Smith and Kadlec 1983), tidal elevation 
(Hutchings and Russell 1989), time since restoration (Morzaria-Luna and Zedler 2007) and depth 
stratification (Erfanzadeh et al. 2010) (Table 1). Despite differing research focuses, most studies 
recorded the abundance and identity of seeds within the soil and compared these to the richness in 
the local above ground vegetation (Table 1).  
 
In terms of seed composition, seed banks are in saltmarsh systems appear to be nearly always 
dominated by a small number of species (Table 1). For example, of the studies reviewed that 
explicitly stated germination percentages for individual species, eight out of ten found that three or 
less species accounted for 70% or more of seeds germinating from the soil (Egan and Ungar 2000; 
Hartman 1988; Hopkins and Parker 1984; Jerling 1983; Maranon 1998; Milton 1939; Morzaria-Luna 
and Zedler 2007, see table 1).  In all cases, the species dominating the seed bank were salt marsh 
species native to the community. However, while seed banks have generally been found to over-
represent some species and under-represent others, a general trend observed across studies is that 
often majority of key diagnostic species in the standing vegetation at a particular locality are 
represented within the seed bank, even if at very low densities. For example, Morzaria-Luna (2007) 
found that species dominant in the above ground vegetation were always present in the seed bank, 
albeit at low frequencies. 
 




to be highly variable in other respects such as relationships of the seed bank to standing vegetation 
(see section 1.3.5) and the depth distribution of seed (see section 1.37). Similarly, the density of 
seeds appears to vary considerably between different studies ranging from seed densities in the 
hundreds of seeds/m2 (Milton 1939; Hopkins and Parker 1984) to tens of thousands/m2 (Egan and 
Ungar 2000; Maranon 1988).  
 
 
Table 1 Summary of key saltmarsh seed bank studies globally, including comparisons between the aims of studies, saltmarsh type, details on methodology and key findings relating to seed density, 
dominant species and comparison of seed bank to standing vegetation.  
Nb. due to the relative paucity of studies on coastal saltmarsh systems, inland saltmarsh studies have also been reviewed, such non-tidal saltmarsh adjoining inland salt lakes in the USA (e.g. Smith and 





Condition Aim of study 





Dominant species  


















Compare seed bank 
density and similarity 
to standing vegetation 
between remnant and 
restored saltmarsh, 
considering salinity and 

















Salicornia spp. (20%) 
Spergularia spp. (22%) 
Triglochin maritimum (13.2) 
 
Restored 
Salicornia spp. (31%) 
Spergularia spp. (10%) 











Seed density decreased with depth in all 
sites regardless of their age or salinity. 
 
Seed density and similarity between seed 
bank and standing vegetation higher in new 
marshes than old marshes of same area: 
colonizers abundant in new and old seed 













Size, composition and 
species richness of 
seed banks in grazed 
and ungrazed areas at 
two elevations.  
 











73.3% seedlings from six 
species:  
Juncus gerardii, Schoenoplectus 
tabernaemontani, 
Eleocharis uniglumis, Agrostis 
stolonifera, Juncus bufonius and 
Carex nigra 
82 75 
Seed bank larger and richer in ungrazed 
sites except in upper elevations. 
 
Significant lack of resemblance between 
composition of seed bank to standing 
vegetation. 
 
Species richness and density greater at 












of bare patches in 
saltmarsh created by 




in the field, quantify the 
soil seed bank and 
compare soil 
conditions of bare and 
colonised areas. 






35 Salicornia europaea (95%) 4 ND 
Low densities of seeds indicate the lack of 
an important seed bank in this saltmarsh. 
 
Vegetative expansion of S. alterniflora 
accounted for most of recolonisation of 
bare mud patches and some germination 
from seed of Salicornia spp.  
 
edaphic factors did not differ between 
disturbed and undisturbed sites (salinity, 








Condition Aim of study 





Dominant species  


















between seed bank and 
standing vegetation 
across two seasons. 













Salicornia virginica (96.7%) 
 
February 









Low diversity, low density seed bank 
dominated by S. virginica.  
 
Most marsh species native to area were 
present but in low numbers. 
 
Highest species diversity correlated to 
nearness to channels. 
 
High degree of correspondence between 











Examine seed dynamics 
of seed regeneration of 
several halophyte 
species at 3 elevations 




viability, seed bank 
contents and seedling 
survival.  
















Six most abundant species¯ 
Puccinellia maritima, Urtica dioica, 
Armeria maritima, Plantago 
maritima, Aster tripolium, 
Triglochin maritima 
ND 15 
Large number of seeds in soil for six 
species. 
 
Apart from P. maritima all species had 
transient seed banks¯. 
 
Maximums seed bank size over 4 times 
greater in lower marsh than upper marsh. 
 
All species in seed bank were spring 











along a water level 
vegetation gradient at 












Juncius gerardii (87%) 
Triglochin maritimum (6%) 
Glaux maritima (6%) 
13 ND 
Seed density significantly different between 
vegetation zones (highest in J. geradii zone) 
Seed density significantly varied with soil 
depth between zones. 











over two years. 
 










3 annual species made 70% of 
seed bank: 
 
Plantago coronopus (34%) 
Juncus bufonius (28%) 
Trisetara panacea (9%) 
 
29 12 
Most species in low densities.  
 
Differences in seed bank and above ground 
composition between wet and dry years.  
 
Salinity did not affect the emergence of 








Condition Aim of study 





Dominant species  






























Glyceria maritima (33%) 
Glaux maritima (19%) 
Agrostis spp (17%) 
19 ND 
 
Low densities of seeds and low diversity of 
species. 
 
Lower diversity in seed bank than 
vegetation bar one site.  
Morzaria-Luna 











of time since 
restoration: 
 

















5 year restored:  
Sarcocornia pacifica (64%) 
C. edulis (22 %) 
 
Remnant marsh:  
Triglochin concinna (71%) 

















Samples at all sites dominated by S. pacifica, 
other saltmarsh spp present in low 
densities. 
  
5 year restored sites had lower richness 
and 3 year restored site had different 
composition to remnant site. 
 




















Density of seed bank 























Charophyte oospores (72%)˜ 
S. perennuis (18%) 
R. cirrhosa (7%) 
ND ND 
Seed density did not differ significantly with 
depth and seeds occurring up to 20cm deep 
in soil.  
 
Submerged treatments took longer for first 
germination and had lower germinant 
density. 
 
No relationship between seed density and 













Compared seed bank 
to standing vegetation 
in P. meritma stands at 
two ungrazed sites 
(UG1, UG2), a lightly 
grazed site (LG) and a 






















Salicornia europaea  
Suaeda maritima accounted for 
























Perennial dominant P. meritma does not 
produce a persistent seed bank. 
 
Support for Connell’s (1978) intermediate 
disturbance hypothesis: lightly grazed 
marshes had highest standing vegetation 
richness and higher seed bank richness than 








Condition Aim of study 





Dominant species  

















Seed bank variation 
across a successional 
gradient (3 year old 
marsh -100 year old 
marsh)×.  
 














First ten years = dominated by 
Salicornia spp., Sueda maritima 
and Spergularia media  
 
Later succession = dominated 
by Seriphidium maritimum, Festca 
rubra, Glaux maritima and Juncus 
gerardi 
















The mean number of species was 
significantly larger at the 25-yr old site 
compared to the younger stages. 
 
Mean no. individuals highest at the 100-yr 
old transect, but revealed no regular 
increase in different successional stages. 
 
Abundance of seeds highest in 0-5cm layer 
except in the 25 year old marsh. 
 
Significant correlation between above 
ground vegetation and 0-5cm seed bank at 














Effect of standing 
vegetation on seed 




Effects of salinity and 
inundation on 
germination of seed 














Eleocharis parvula, Bacopa, 
monnieri, Saggittaria lancifolia, 
Cyperus odoratus 
14 14 
Flooding and higher salinity significantly 
reduced species richness and density.  
 
In most species temporary increases in 
salinity did not affect species richness or 
emergence. 
 
Despite differences in standing vegetation 
the seed bank across the three 
communities had similar species richness, 













Seed bank and field 
germination compared 
across six marsh 
vegetation types. 
 







850 – 6536^ 











Density of seeds significantly different 
between vegetation communities. 
 
Open water sites had few species and low 
densities. 
 









Condition Aim of study 





Dominant species  





ground Key findings 










seed banks and above-
ground vegetation 
types present in zones 
along a salinity gradient 













3.5% NaCl zone 
Salicornia europaea (57%) 
Atriplex prostrata (39%) 
 
2% NaCl zone 
A. prostrata (97%) 
 
1% NaCl zone 
A. prostrata (100%) 
 
0.5% NaCl zone 
A. prostrata (77%) 
5 4 
 
Above-ground vegetation was not usually 
highly correlated with the seed bank 
composition of zonal communities.  
 
Seeds of the annual saltmarsh species were 
present in all zones suggesting that salt 
stress levels could be a determining factor 
in which species form above ground 
vegetation. 
 
Vegetation zones were dominated by one 
or two species. 
 
Key to table:  
* Soil in this saltmarsh is saline due to brine spills from salt mining wells that have since ceased operation 
^ Range from vegetation zone with lowest mean density to vegetation zone with highest mean density 
× The barrier island of Schiermonnikoog is extending eastward due to sediment accretion and thus saltmarsh of increasing age is present along a gradient 
« Study was conducted during the water lowering (draw down) of a marsh by human intervention 
˜ Oospores from Charophytes were included as a component of the ‘seed’ bank  
¯ Sieves used were too large to retain the small seeds of Juncus, Spergularia and Inula spp, as these species have been shown to be abundant in other studies caution should 
be taken when considering results, they are also likely to have persistent seed banks 




1.3.4 Seed bank variation among adjacent communities 
One of the few studies to examine variations in coastal seed banks across more than one type of 
vegetation community was conducted in the Sundarbans mangrove forests of Bangladesh, where the 
seed bank was examined in adjacent mangrove, elevated grasslands (only periodically inundated) and 
sand dunes (Harun-or-Rashid et al. 2009). The species richness, abundance and composition varied 
significantly amongst communities, with species richness greatest in the saltmarsh and the least in 
mangrove forests (Harun-or-Rashid et al. 2009). To the best of my knowledge, this represents the 
only study to explicitly examine the seed banks of mangrove communities (Harun-or-Rashid et al. 
2009). Demographic studies of the properties of mangrove propagules have found that they do not 
persist for long periods of time in soil seed banks (Farnsworth 2000; Ungar 2001; Saenger 1982). 
Nevertheless the distribution of non-mangrove halophytes in the seed banks of mangrove forests is 
largely unknown, but may help to understand the dispersal range of plants in adjacent communities. 
For example, it is possible that mangrove communities may act as a sink for seeds from adjacent 
communities, since successful establishment of non-mangrove species is unlikely in harsh mangrove 
environments. Harun-or-Rashid et al. (2009) found 23 species in the seed banks of the mangrove 
forests of Bangladesh, two of which were true mangrove species and the remainder were halophytic 
grasses, herbs and mangrove-associated species. Harun-or-Rashid et al. (2009) suggested that the 
presence of non-mangrove species in high densities could lead to invasion of canopy gaps in the 
mangrove post disturbance, such as a tsunami event. Despite the presence of non-mangrove seeds in 
mangrove seed banks, the absence of an understorey in mangrove forests globally is well 
documented (e.g. Janzen 1985; Tomlinson 1994) and thus it seems unlikely that non-mangrove 
species would establish even following such disturbance. 
 
Another study that examined differences in the composition of seed banks amongst community 
types was conducted by Schnieder and Sharitz (1987) who compared the seed bank of a swamp-
forest in South Carolina to adjacent hardwood forest and found there were substantial differences in 
the composition of the seed banks of woody species between each plant community, but little 
difference in the seed banks of herbaceous species. These differences were attributed to seed 
availability and dispersal and differential rates of flooding between the two communities on a 
seasonal basis Schnieder and (Sharitz 1987).  Similarly, in a study assessing the seed bank between 
adjacent grasslands and forests in Spain, Maranon et al. 2003 found the seed bank compositions 
between the two communities to be distinct with much denser seed banks being observed in the 
grassland ecosystem. These differences were too attributed to varied dispersal of constituent species 
in each community and the spatial variation of environmental factors such as light and water 




adjacent communities over relatively small scales and act as an important structuring factor in the 
distinction between community types, however few studies have examined these relationships.  
 
While there are studies that assess the seed bank of saltmarsh communities alone, to our 
knowledge, no studies have explicitly compared saltmarsh seed banks to adjacent estuarine 
communities (such as mangroves or swamp-oak forests in the case of NSW, Australia). In temperate 
Australia, the differences in the above ground vegetation between estuarine plant communities is 
relatively distinct, with mangroves dominated by small to medium-sized trees, saltmarsh by small 
grasses, herbs and shrubs and swamp-oak forests by a tall woody tree canopy and herbaceous 
ground cover (see section 1.4; Tozer et al. 2010). Whether the seed bank across these communities 
and thus the coastal landscape is identical or representative of standing vegetation in each 
community type is not known. Knowledge of this will inform whether these distinct estuarine 
vegetation communities are formed through non-random dispersal and seed bank processes or, 
rather, whether the seed bank is homogeneous across the estuarine system and the distinct 
communities are formed by recruitment filters after the seeds have settled. 
 
1.3.5 Relationship of seed bank to above ground vegetation: community scale 
The degree of correlation between the seed bank and its associated plant community has been 
studied in many ecosystems, with the general conclusion that there is a lack of correspondence 
between the seed bank and the standing vegetation (e.g. grasslands: Thompson 1986; woodlands: 
Pratt et al. 1984; sub alpine: Whipple 1978). Fenner (1985) suggests that in frequently disturbed 
habitats, species composition of the seed bank and vegetation are usually similar, but as vegetation 
matures the disparity between the two increases as more species arrive at a site, establish, and are 
able to contribute to above ground vegetation. In a saltmarsh in the Netherlands this was shown to 
be the case, as a high degree of correlation was apparent between the seed bank and standing 
vegetation in recently restored marsh, but was lacking in remnant marsh, as the majority of the 
seeds in the seed bank were colonising species that dominated the younger marsh (Erfanzadeh et al. 
2010).  
 
Within saltmarsh communities, the relationship between the seed bank and above ground 
communities is highly variable (Ungar 1995; Leck 1989). In a Spanish saltmarsh Morzaria-Luna and 
Zedler (2007) found that species dominant in the above ground vegetation tended to have few 
emergent seedlings, and Erkilla and Heli (1998) and Riddin and Adams (2009) found there was no 
significant relationship between the seed bank and standing vegetation in saltmarsh in Finland and 




Wolters and Bakker (2002) found a significant correlation between the seed bank and the above 
ground vegetation, although this relationship only held true in the 0-5 cm layer of soil and was not 
observed at the youngest successional sites. Hopkins and Parker (1984) also found a high degree of 
correspondence between the seed bank and standing vegetation, although, the study was conducted 
on saltmarsh in North America that is generally monospecific and dominated by one species, 
Salicornia virginica. Overall, the relationship between seed banks and standing vegetation in saltmarsh 
communities is quite variable compared to other ecosystems as is apparent in the differences 
between number of species found above and below ground vegetation and key findings of studies 
(Table 1).   
 
1.3.6 Relationship of seed bank to above ground vegetation: microscale 
Whilst various studies have assessed the variance between the standing vegetation and seed banks in 
saltmarsh communities as a whole (see section 1.3.1), little is understood about how seed banks are 
structured across very fine spatial scales and how this influences the patterns of halophyte plant 
recruitment, distributions and relative abundances within the saltmarsh (Ungar 2001). It is suggested 
that in saltmarsh systems, seeds within the seed bank are highly clumped and variable (Thompson 
1986, Jerling 1983; Linhart 1976). Nevertheless, whether this clumping of seeds is related to a 
particular dominant species in the above ground vegetation, or if mediated by a combination of 
other environmental or edaphic factors awaits more scrutiny.  
 
In Australian marshes, there are general vegetation zones within the saltmarsh related to level of 
tidal inundation and associated edaphic conditions (Adam 1990). For example, Sarcocornia 
quinqueflora is more likely to be situated on the lower marsh in more frequently inundated areas, 
Sporobolus virginicus in middle marsh areas and Juncus kraussii in the upper marsh (Zedler et al. 1995). 
However, these vegetation zones are usually not discrete, with species co-occurring across 
elevations as a mosaic of dominant vegetation types (Laegdsgaard 2006; Zedler et al. 1995). These 
mosaics or ‘microsites’ have long been thought to be determined by changes in micro-topography 
that influences tidal inundation and salinity and thus determine which species will predominate 
(Laegdsgaard 2006; Clarke 1993), as well as interspecific competition (Zedler et al. 1995). To date, 
the role of the seed bank in structuring or maintaining these mosaics is unknown, though one might 
predict that if seed dispersal is highest closest to the parent plant (as is common in terrestrial 






Of the seed bank literature reviewed, there were three key papers that examined differences 
between seed density and microscale changes in vegetation (Smith and Kadlec 1983; Egan and Ungar 
2000; Baldwin et al. 1996). Smith and Kadlec (2000) compared the seed bank and germination in the 
field of six dominant saltmarsh vegetation types (microsites) in an inland saltmarsh in northern 
America. Interestingly, they found that the species diagnostic of a particular microsite were in 
general the most abundant when seedling emergence was measured in the field, whereas in the 
greenhouse, seedling emergence from soil samples included other species that were often more 
numerous than the dominant species at the site, suggesting that germination conditions or post-
recruitment factors control the composition of dominant patches (Smith and Kadlec 2000). Similarly, 
in a North American marsh, Egan and Ungar (2000) found that there was no relationship between 
the seed bank and above ground vegetation in four saltmarsh microsites dominated by a complex of 
Salicornia, Salicornia and Atriplex, Atriplex solely, and a mix of Atriplex and Hordeum species. As the 
seeds of saltmarsh species were found in a relatively even distribution across the four vegetation 
zones it was suggested that differential post-settlement responses to salt stress levels determined 
which species formed the above ground vegetation (Egan and Ungar 2000). However, Egan and 
Ungar (2000) studied a disturbed inland saltmarsh that was non-tidal and had a clear salinity gradient 
related to distance from salt mining wells and, therefore, results may not be entirely relatable to 
coastal marshes. Baldwin et al. (1996) compared the seed bank between three tidal marsh microsites 
in Louisiana, USA, and found that seed banks were relatively homogenous across different vegetation 
types with similar density, richness and composition. Overall, these studies suggest that seed banks 
may not play an obvious role in structuring vegetation microsites, however, it is important to note 
that all three of these studies were conducted in marshes with lower salinities than may be the case 
for coastal saltmarshes: Smith and Kadlec (2000) and Egan and Ungar (2000) in inland saltmarshes 
and Baldwin et al (1996) in a tidal ogliohaline marsh.  
 
1.3.7 Seed bank depth 
The physical process by which seeds become incorporated into the soil, and how deeply they 
become stored in the soil is little understood (Espinar et al. 2005; Warr et al. 1993; McGraw 1987). 
Despite this, knowledge of the vertical distribution of seeds in the soil can be vital for regeneration 
of vegetation from the seed bank (Espinar et al. 2005). Depth of a seed is an important factor in 
regeneration as it determines whether seeds will receive germination cues (such as light) and, if 
received, whether the shoot will be able to reach and penetrate the surface (Leck 1989). 
Furthermore, seeds deeper in the soil profile will be increasingly important if disturbances in an 
ecosystem involve a loss of sediment (Espinar et al. 2005), such as is common in coastal estuarine 




depth distribution is usually a good indicator of seed longevity (Thompson et al. 1993; Bekker et al. 
1998). 
 
In saltmarsh systems variation in both the richness and density of seeds with soil depth has only 
been examined in a handful of recent studies (Wolters and Bakker 2002; Jerling 1983; Erfanzadeh et 
al. 2010; Riddin and Adams 2009, see Table 1). Wolters and Bakker (2002) found that the abundance 
of seeds in a saltmarsh in Denmark was generally smaller in both deep (i.e. 5-10 cm) and surface (i.e. 
0-0.05 cm) layers compared to the 0-5 cm layer of soil (Table 1). Low seed densities in the soil 
surface layer have been explained by the fact that seeds in the topsoil are exposed to the greatest 
germination cues (e.g. light and oxygen) and therefore seed densities may be lower as rates of 
germination are higher (Warr et al. 1993; Wolters and Bakker 2002). In contrast, the depth 
stratification of seeds in a saltmarsh in Sweden was found to be uniform, with only two of the ten 
vegetation types studied having different densities of seeds with depth (Jerling 1983). Similarly, in a 
saltmarsh in South Africa, Riddin and Adams (2009) found that seed density did not vary with depth 
and also that viable seeds were present deep in the soil profile, up to 20cm. By contrast, Erfanzadeh 
et al. (2010) found that seed density decreased with soil depth irrespective of the age of a marsh or 
the soil salinity of the marsh. In summary, saltmarshes in various locations globally possess seeds 
deep in the soil profile, but the patterns of density of seeds and the extent of depth appear to vary 
considerably between studies.  
 
Decreases in seed density with depth can be explained by seed longevity if soil depth is also stratified 
by time (Chippendale and Milton 1935). However, soil age cannot be assumed to always increase 
with depth due to soil reworking factors such as bioturbation, water percolation and sediment scour 
(Forey et al. 2011; Leck and Simpson 1987). Seed traits of individual species have a large bearing on 
whether they will be incorporated at depth in the seed bank; for example, most species that occur 
at depth in the soil have small seeds (Harper 1977), and buoyant seeds are less likely to be buried 
(Tyndal et al. 1986). Nevertheless, these are generalisations across plant communities, primarily 
based on terrestrial studies, and there are likely exceptions. For example, seed longevity in 
halophytes is poorly understood (Ungar 1995), but the incorporation of seeds at significant depths in 
some of the studies reviewed suggest that some species are able to persist in the seed bank for very 
long periods of time (e.g. Erfanzadeh et al. 2010). In other ecosystems there is some evidence that 
seed viability is retained longer with increasing soil depth because losses due to predation and 
germination are lower at depth (Rampton and Ching 1970), however, such relationships have not 





1.3.8 Methods for assessing seed banks 
The ‘emergence method’ is the most common method used to determine the identity and quantity 
of seeds in the soil (Fenner 1985; Gross 1990; Leck et al. 1989; Harper 1977; Warr et al. 1993). It 
involves taking soil cores of known volume, spreading the soil in trays with conditions favourable for 
germination, and counting and identifying seedlings as they emerge (Fenner 1985; Gross 1990; Ter 
Heerdt et al. 1996). Another less common method is to manually extract seeds from soil by washing 
or floatation and then manually sorting to count numbers of individual seeds (Gross 1990; Fenner 
1985). This latter method can provide an accurate measure of the total number of seeds in the soil, 
but it can overestimate the number of viable seeds and underestimate the number of species 
because seeds are usually much harder to distinguish at the species level than seedlings (Warr et al. 
1993). Despite being employed in the majority of studies, the emergence method also has 
limitations, with a large amount of greenhouse space being necessary and the time required to allow 
seeds to emerge, which can take from months to years (Warr et al. 1993). Furthermore, the 
emergence method may miss detecting individual species if their specific germination requirements 
are not met by experimental conditions or if they germinate but do not emerge from the soil (Ter 
Heerdt et al. 1996).  
 
In a review of various seed bank methodologies, Gross (1990) concluded that the emergence 
method enables more information to be gained on species composition, whereas seed extraction 
methods may be more suitable for studying variations in seed distribution if the species being studied 
have easily identifiable seeds. Ter Heerdt et al. (1996) compared the seedling emergence method to 
manual sorting of seeds in soil, and found seedling emergence to be highly representative of total 
seeds, accounting for 81-100% of the seeds detected by manual extraction. Of the key saltmarsh 
studies reviewed, all except two used the seedling emergence method (Riddin and Adam 2009; 
Hutchings and Russell 1989) (Table 1). Extraction techniques are most appropriate for medium to 
large seeds but are not as suitable for very small seeds, such as the common saltmarsh genus, Juncus 
(Adam 1990). This was found to be the case for Hutchings and Russell (1989), who dried, sieved, 
washed and counted seeds to quantify the soil seed bank in saltmarsh but realised retrospectively 
that they had used a sieve that was larger than the seed diameter of Juncus and Spergularia species 
that may have otherwise formed a persistent seed bank.  
 
The emergence method requires samples to be kept for a long period of time, ideally up to two 
years, but due to practicality the majority of seed bank studies have had much shorter durations, 
generally less than 6 months (Warr et al. 1993). In salt marsh seed bank studies there is considerable 




weeks (Baldwin et al. 1996), although generally experiments were run from two to six months (Egan 
and Ungar 2000; Wolters and Bakker 2002; Hartman 1988; Hopkins and Parker 1984; Erfanzadeh et 
al. 2010; Erkilla and Heli 1998) (Table 1).  Despite recommendations for studies to allow for long 
emergence times, most studies have shown that, provided conditions are suitable for germination, 


































1.4 Study system  
1.4.1 Introduction to study system 
The overarching aim of this thesis is to examine patterns of seed bank composition across estuarine 
vegetation at multiple spatial scales (see section 1.5 below for detailed outline of specific study aims). 
Specifically, this study was conducted in three estuarine plant communities, swamp-oak flood plain 
forest, coastal saltmarsh and mangrove forests, commonly found on the southern coast of New 
South Wales (NSW), Australia. From land to sea, swamp-oak forests, saltmarsh and mangrove 
forests create a continuous vegetation complex across the estuarine landscape. The three vegetation 
communities are distinguished by vegetation structure, floristic composition and tidal influence 
(Adam 1990; Saintilan 2009a). Mangroves are situated on the coastline, experience daily inundation 
and are dominated by small trees lacking an understorey (Hutchings and Saenger 1987; Saenger 
2002). Saltmarsh occurs landward of mangrove forests and is comprised of grasses, herbs and shrubs 
that experience varied tidal influx (Adam 1990; Saintilan 2009a). Swamp-oak forests are further 
landward again consisting of larger trees, herbs and vines and are generally non-tidal, but can be 
inundated during king tides (Tozer et al. 2010; Saintilan 2009a). Collectively, these vegetation 
communities in their natural state provide invaluable ecosystem services such as filtration of 
catchment waters, landform stability through sediment retention, community for a diverse range of 
threatened species and nursery areas for commercial fish (Hutchings and Saenger 1987; Saintilan et 
al. 2009; Manson et al. 2005).  
 
1.4.2 Swamp-oak Forest 
Swamp-oak flood plain forests, referred to as swamp-oak forests in this thesis, are characterised by a 
relatively dense non-eucalypt tree canopy, an open shrub layer and a semi-continuous groundcover 
dominated by taxa tolerant of brackish groundwater (Tozer et al. 2010). In southern NSW the non-
eucalypt canopy is dominated by Casuarina glauca, a dioecious, nitrogen-fixing, medium sized tree 
(Wilson & Johnson 1990). Swamp-oak floodplain forest is a rare plant community, listed as an 
Endangered Ecological Community (EEC) under the NSW Threatened Species Act, 1995 (TSA 
1995). It is estimated that a staggering 80% of swamp-oak forest has been cleared for urban and 
agricultural land use since European settlement (Tozer et al. 2010). Swamp-oak forests adjacent to 
saltmarsh generally have a transition zone consisting of an understorey of saltmarsh species that is 







1.4.3 Saltmarsh  
Saltmarsh is an intertidal plant community comprised of a complex, fine-scale mosaic of succulent 
herb fields and sedgelands (Adam 1990; Saintilan 2009b; Laegdsgaard 2006). Saltmarsh communities 
are restricted to estuarine mudflats and saline lagoons, and are found on the upper limit of the 
intertidal zone, generally between elevation of mean high tide and mean spring tide (Tozer et al. 
2010). The upper limits of the saltmarsh are set by the level of the highest tide, and the transition 
into more terrestrial vegetation (such as swamp-oak forest in NSW) is governed by the topography 
of an area (Saintilan 2009a). Saltmarsh ecosystems consist of a variety of unique salt tolerant plant 
species, halophytes, which are highly specialised and have adapted to fill a challenging niche growing 
in saline conditions (Laegdsgaard 2006; Ungar 1987). Saltmarsh plants have to deal with tidal influx 
that cause extreme ranges of salinity, soil water content and soil oxygen deficiency (Saintilan 2009a; 
Ungar 1995).  
 
Zonation of vegetation within saltmarsh often occurs predominately along salinity and moisture 
gradients (Laegdsgaard 2006). While there is a general transition in vegetation from sea to land, 
mosaics consisting of patches of different dominant vegetation are present within these zones and 
are mediated by changes in micro-topography (Adam 1990). This microscale spatial variation in 
vegetation results in plant species being distributed in mosaics and not discrete bands (Adam 2002; 
Zedler et al. 1995). In a review of saltmarsh communities, Laegdsgaard (2006) suggests it is more 
beneficial to regard saltmarsh communities as groups of dominant species and that most temperate 
marshes of Australia consist of a community complex dominated by one, or a combination of salt 
couch Sporobolus virginicus, samphire Sarcocornia quinqueflora, creeping brookweed Samolus repens, 
streaked arrow grass Triglochin striata, and sea rush Juncus kraussii (Congdon and McComb 1980; 
Carne 1991; Clarke and Jacoby 1994; Nelson 1994; Krause 1995; Zedler et al. 1995). 
 
Prolific coastal development in NSW has significantly reduced saltmarsh areas in size and caused 
existing areas to become increasingly fragmented. Over the past 200 years 60% of saltmarsh in NSW 
has been destroyed or disturbed (Adam 2002; Bowen et al. 1995). Such destruction is evident in the 
listing of saltmarsh as an Endangered Ecological Community (EEC) in NSW (Threatened Species 
Conservation Act 1995). As such, much of the remaining saltmarsh along the south coast of NSW is 
directly adjacent to urban areas, often persisting in small patches adjacent to medium density 
housing. Many aspects of the biology of saltmarsh plants such as population dynamics, pollination, 






1.4.4 Mangrove Forest 
Mangrove forests in NSW consist of a low forest characterised by a dense tree or shrub canopy 
over bare mud or very patchy herbaceous groundcover restricted to mudflats exposed to daily tidal 
inundation (Tozer et al. 2010). Mangrove forests are generally located on sheltered shores and 
estuaries between mean sea level and mean high water spring tide (Saenger 2002). While not 
officially protected in NSW, mangroves have experienced significant range reductions in the past 200 
years and are considered by many to be a fragile ecosystem important to protect (Bridgewater and 
Creswell 1999; Lee et al. 2006). Similar to saltmarshes, mangroves provide numerous essential 
ecosystem services such as erosion resistance, flood buffers, feeding ground and community for 
many taxa and vital nursery areas for many species of fish (Manson et al. 2005; Lear and Turner 
1977). Mangroves are distributed over much of the Australian coastline, beginning on the western 
coastline below the Tropic of Capricorn and extending around the north and down the east coast to 
Victoria (Lear and Turner 1977). In southern NSW there are two species of mangrove: Avicennia 

























1.5 Study objectives 
The overall objective of this study was to determine if the identity and quantity of viable seeds in the 
soil seed bank vary among estuarine vegetation communities situated at different tidal elevations in 
the mangrove forest, saltmarsh and swamp-oak forest complex of temperate, eastern Australia. As 
far as known, this thesis will represent the first account of saltmarsh and mangrove seed banks in 
Australia and the second for swamp-oak forest (Gooden and French 2014).  
 
1.5.1 Key questions and hypotheses 
The examination of the seed bank in this thesis is partitioned into three studies, each at a different 
spatial scale:  
1. How do seed banks vary amongst distinct vegetation communities (i.e. swamp-oak forest, 
saltmarsh and mangrove forest) across the estuarine complex? 
 i. Does the richness and abundance of viable seeds within the soil seed bank vary 
 across communities and are these patterns consistent among locations? 
 ii. Do species assemblages vary across communities and locations? What are the 
 most abundant and common species in the seed bank? 
 iii. Do species present in the soil seed bank reflect the identity of species in the 
 above ground vegetation in each community? 
It is hypothesised that the density of seeds will vary amongst community types due to differences in 
reproductive output of common species in each community, seed dispersal limitation and abiotic 
factors. Swamp-oak, saltmarsh and mangrove communities are clearly defined in the above ground 
vegetation due to changes in environmental factors such as tidal inundation and salinity and therefore 
it will be interesting to discern if these factors also govern the capacity for seeds of certain species 
to become incorporated into a soil seed bank.  
It is predicted that while there may be changes in the density of the seed bank with community type, 
the identity of the species present within the soil seed bank may not reflect that of the standing 
vegetation. Indeed there is little evidence for strong correlation between below ground and above 
ground vegetation at the community scale. However, such relationships may differ between 
communities with the above ground vegetation having more input into structuring the seed bank in 





Seed banks have been shown to be present at swamp-oak forest in NSW by Gooden and French 
(2014), and from these results it is predicted that seed banks are likely to be richer than above 
ground vegetation, be dominated predominately by native species yet have a relatively high number 
of alien species present, albeit at low densities. As swamp-oak forests are the most landward of 
vegetation communities it is envisioned that they may have the highest representation of alien 
species in the seed bank, due to closer proximity to terrestrial urban inputs such as stormwater and 
lower soil salinity to facilitate terrestrial weed establishment.  
 
It is hypothesised that there will be a soil seed bank present in saltmarsh communities as un-
germinated seeds present after seed set may be incorporated in the soil by a combination of 
bioturbation, seed weight, water movement or becoming trapped in microtopography. This seed 
bank may be dominated by a small number of halophytes native to the community as has been 
shown to be the case overseas.  
 
In mangrove forests it is anticipated that if a seed bank is present it will be low in density and species 
richness due to lack of a localised seed supply from mangrove tree species which have large, buoyant 
seeds that are hydrochorously dispersed. Additionally, it is hypothesised that if large numbers of 
seeds are dispersed into mangrove communities either landward from adjacent saltmarsh or 
hydrochorously from the ocean, that due to the frequency and magnitude of tidal inundation it may 
be difficult for seeds to become incorporated into dense but unconsolidated mangrove sediment.  
 
2. How do seed banks vary within saltmarsh communities? Are seed banks associated with 
variations in dominant vegetation types (i.e. microsites): areas dominated by Juncus kraussii, 
Sporobolus virginicus, Sarcocornia quinqueflora, or mud?  
a. Does the richness and abundance of viable seeds present in the soil seed bank both 
overall and for individual species change with microsite type in the saltmarsh amongst 
locations? 
 b. Do species assemblages vary with microsite type? 
 
Within saltmarsh communities it is predicted that seed banks may be mediated by changes in the 
dominance of standing vegetation which creates a mosaic of dense and predominately monospecific 
stands of plants. It is predicted that if seed dispersal for a particular species creating a microsite is 
highly localised, then the dominance in the canopy cover may be reflected by a dominance in the 
below ground seed bank. It is expected that such interactions will be controlled also by the life 




which may confer variations in the strength of interaction between densities of individual species and 
their above ground parent microsite.  
 
3. How do seed banks vary with depth of soil across the estuarine complex of swamp-oak 
forest and saltmarsh? 
a. Does the richness and abundance of viable seeds present in the soil seed bank vary 
with soil depth across communities and locations? 
 
If seeds deeper in the soil profile are assumed to be older and thus less likely to be viable it is 
assumed that the density of germinable seeds will decrease with depth in the soil. The stratification 
of seeds within the soil is also likely to change with individual species and their ability to persist over 
time, and therefore it is predicted that species richness may decrease with deeper layers. However, 
if seed density and species richness is homogenous with depth it may be assumed that soil has been 
redistributed (e.g. bioturbation) meaning that the relationship between soil and depth and age may 
not be applicable in the communities studied. 
 
1.5.2 Significance of research 
Determination of how seed banks are structured in this estuarine complex, with an emphasis on 
saltmarsh, will allow future regeneration and restoration efforts to be targeted towards the specific 
requirements of communities and particular locations. For example, if certain areas were reclaimed 
from urban use or cleared of weeds would it be feasible to let the land naturally regenerate from a 
soil seed bank or would more active forms of management be required? If large-scale human or 
natural disturbance occurred in these areas could the soil seed bank provide a reservoir of seeds 
rich and abundant enough to resemble the previous community? Considering the threatened status 
of the plant communities being investigated and the likelihood of continued disturbance into the 
future an understanding of the soil seed bank may prove a vital tool to maintaining their presence 
into the future. Furthermore, knowledge gained on the richness and abundance of seed banks may 
provide fundamental insights into the most effective ways to increase the area of these communities 
by regeneration. Beyond gaining fundamental ecological insight into these ecosystems answering such 









Chapter 2: Methods 
 
2.1 Study region 
2.1.1 Overview 
The three studies presented in this thesis were conducted across a complex of coastal vegetation 
communities, consisting of swamp-oak forest, saltmarsh and mangrove forest, located on the 
southern coastline of New South Wales (NSW), Australia. The study region comprised three coastal 
embayments (hereafter termed ‘locations’): Towra Point Nature Reserve in southern Sydney (34° 
00'S, 151°10'E), Minnamurra River near Kiama (34° 38’S, 150° 52’ E) and Jervis Bay at Currambene 
Creek (35º 00' S, 150º 40' E) (Fig. 1, 2). Each of these locations have a temperate climate with mean 
maximum temperatures ranging from 21.3 to 22.2°C and uniform annual rainfall ranging from 1083 
to 1253 mm/year (Australian Bureau of Meteorology 2014). They also share several estuarine 
characteristics: all have a single, unconstricted, unbranched estuary mouth and a tidal range of 
approximately 2 m (Geoscience Australia 2013), but catchment size and extent of anthropogenic 
modification vary considerably amongst locations. Towra Point, located within Botany Bay, has the 
largest catchment (1143 km2), Jervis Bay the second largest (376 km2) and Minnamurra River the 
smallest (144 km2) (Geoscience Australia 2013). The National Land and Water Resources Audit 
(NLWRA 2001) classified Towra Point as ‘extensively modified’, Minnamurra as ‘modified’ and Jervis 
Bay as ‘largely unmodified’ at the catchment scale. Examination of satellite imagery reveals that the 
catchment surrounding Towra Point is predominantly industrial and urban, whilst the catchment 
surrounding Minnamurra is largely deforested and used to graze dairy cattle. The catchment 
surrounding Jervis Bay is largely forested and interspersed with low-density residential acreages. 
Vegetation assessments conducted at study locations by previous researchers indicate that they have 
a similar floristic composition (Jervis Bay: Clarke 1993; Minnamurra: Carne 1991; Towra Point: 
Mitchell and Adam 1989), which is characteristic of estuarine vegetation for the region of southern 







Towra Point (34° 00'S, 151°10'E)  !
Minnamurra River (35º 00' S, 150º 40' E) !
Jervis Bay (35° 00' S, 150° 40' E) !
200 km !
 
Figure 1 Map of New South Wales (N.S.W) showing the three locations studied on the southern coastline 
 
2.1.2 Jervis Bay 
Jervis Bay is a sheltered coastal embayment located approximately 200 km south of Sydney. Study 
sites were selected along Currambene Creek (35º 00' 25" S, 150º 40' 02" E) on both the eastern and 
western banks at Myola and Woollamia, respectively (Fig. 2). Currambene Creek is the largest and 
longest of the tributaries to feed into Jervis Bay and is part of Jervis Bay Marine Park (Geoscience 
Australia 2013; Marine Park Authority 2008).  
 
Currambene Creek drains agricultural, urban and bush land and the saltmarsh areas adjacent to the 
creek have been grazed by cattle in the past (Jervis Bay Marine Park 2008; Saintilan and Wilton 
2001).  Approximately 27% of the Jervis Bay catchment is crop or pasture plantations (NLWRA 
2002), and Jervis Bay Marine Park Authority has expressed concerns over sediment loads impacting 
saltmarsh communities in the region (Jervis Bay Marine Park 2007).  Low density urban residential 
areas line the eastern side of Woollamia and the western side of Myola; nevertheless, as a whole the 
Jervis Bay catchment is considered to be largely unmodified and contains extensive, continuous 
tracts of dense sclerophyll forests (Marine Park Authority 2008; NLWRA 2002). Saltmarsh 
vegetation surrounding Currambene Creek is estimated to have reduced by over 52% in area 
between 1944 and 1999 due to the landward encroachment of mangroves (Saintilan and Wilton 




intertidal environments around Currambene Creek in response to higher rainfall and catchment 
modifications (Saintilan and Wilton 2001).  
 
2.1.3 Minnamurra River  
Minnamurra River estuary is approximately 100 km south of Sydney and is a relatively small 
waterway that drains a catchment of 144 km2 (Geoscience Australia 2013). Sites were sampled on 
both sides of the river at this location (Fig. 2). The Minnamurra River estuary contains the largest 
stand of mangrove forest between the Georges and Shoalhaven Rivers and one of the largest stands 
of swamp-oak forest south of Puckeys Estate in Wollongong (Panayotou 2003). There is no large-
scale commercial or industrial land use adjoining the Minnamurra River estuary, but crop and 
pasture plantations comprise 55% of the catchment and native woody vegetation comprises 33% 
(NLWRA 2002). The NSW Stressed River Assessment conducted in 1998 found that the 
Minnamurra River and associated wetlands were of high conservation level, but experiencing a 
moderate degree of environmental stress (Department of Land and Water Conservation 1998). 
Erosion (towards the mouth of the river) and water quality were the two most significant 
environmental stressors affecting the Minnamurra River Estuary identified in management plans for 
the catchment (Panayotou 2003). 
 
2.1.4 Towra Point Nature Reserve 
Towra Point Nature Reserve is situated on the northern side of Kurnell Peninsula, 16 km south of 
Sydney, and forms the southern shoreline of Botany Bay at the mouth of the Georges and Cooks 
Rivers. Sites were sampled on the northern and south-western sides of Weeney Bay (Fig. 2). Towra 
Point Nature Reserve supports approximately 40% of mangrove communities and 60% of saltmarsh 
communities remaining in the Sydney basin and is thus a significant ecological site for the region 
(Department of Environment, Climate Change and Water 2010). The reserve is 603 ha in size and 
includes 386 ha of internationally significant Ramsar wetland designated in 1984 (DECCW 2010; 
Office of Environment and Heritage NSW 2009). Towra Point’s sub-tidal seagrass beds, mangroves 
and saltmarsh provide food and habitat for 25 species of economically important fish and 34 species 
of protected migratory birds (OEH NSW 2009).  
Towra Point and its surrounds have a long history of human-related disturbance following European 
settlement of eastern Australia. The area was acquired by the NSW Government in 1974 for 
conservation purposes and was officially gazetted as a Nature Reserve in 1984 (National Parks 
Wildlife Service 2001). Prior to this, cattle had been grazed on the saltmarsh since first European 




(Evans and Williams 2001; Mitchell and Adam 1989). Today, Botany Bay surrounding Towra Point 
Nature Reserve is an intensive industrial area and residential developments flank the southern end of 
the reserve. It is reported that associated industry in Botany Bay has accounted for 31 oil spills from 
1957-1987 (McGuinness 1988). Despite this intense landscape modification, Towra Point continues 























Figure 2 Map of individual sites of each community: swamp-oak forest, saltmarsh and mangrove forest, at each location: 







2.1.5 Definition of vegetation communities 
The classification and definition of vegetation communities within the estuarine landscape was based 
on the classification and description of vegetation map units contained in the appendix of the native 
vegetation of southeast NSW by Tozer et al. (2010). ‘Floodplain swamp forest’ is described by Tozer 
et al. (2010) as a low, dense forest characterised by non-eucalypt trees, an open shrub layer and a 
semi-continuous groundcover dominated by taxa tolerant of brackish groundwater. The dominant 
native tree species across the three study locations was the nitrogen fixer Casuarina glauca. 
‘Estuarine saltmarsh’ comprises a complex, fine-scale mosaic of succulent herb fields and sedgelands 
restricted to estuarine mudflats and saline lagoons, and found on the upper limit of the inter-tidal 
zone (Tozer et al. 2010). This community is frequently bordered at its landward edge by the flood 
plain swamp forest. ‘Estuarine mangrove forest’ is described as a low forest characterised by a dense 
tree/scrub canopy over bare mud or a patchy herbaceous groundcover and is typically dominated by 
the mangrove species Avicennia marina subsp. australasica and Aegiceras corniculatum (Tozer et al. 
2010). Mangrove forests are tidally-inundated daily and occur seawards of the saltmarsh zone. 
Henceforth, the vegetation communities of interest, described by Tozer et al. (2010) as ‘Floodplain 
swamp forest’, ‘Estuarine saltmarsh’ and ‘Estuarine mangrove forest’ will be referred to as swamp-










2.2 Variation in the seed bank across the estuarine vegetation complex 
2.2.1 Sampling design and site selection 
To determine the composition of seeds in the soil and potential relationships to the abundance and 
diversity of above ground vegetation, soil cores were collected and corresponding vegetation 
surveys were conducted at all three locations: Jervis Bay, Minnamurra River and Towra Point. At 
each location, three sites were sampled in each vegetation community (i.e. swamp-oak forest, 
saltmarsh and mangrove forest), with an individual site consisting of a 400 m2 area positioned in the 
centre of each community (Fig. 4). The size of this area was chosen because it has been shown to 
capture community-scale variation in vegetation diversity and composition (Rice and Westoby 1985), 
and is the standard size for vegetation surveys within NSW (Tozer et al. 2010). Suitable sites were 
haphazardly allocated across each community and separated by at least 300 m to improve spatial 
independence. The landward extent of mangrove forests, saltmarsh and swamp-oak forests varies at 
a local scale in this region and, therefore, the dimensions (but not areas) of sites necessarily varied. 
Patterns of zonation across this estuarine complex are well documented, with saltmarsh generally 
constituting the greatest intertidal extent and mangrove and swamp-oak forests tending to have 
narrower intertidal extents (Carne 1991; Clarke 1993). Consequently, sites in swamp-oak forests 
and mangrove forests had an alongshore distance of 40 m and were 10 m from sea to land, whereas 
sites in saltmarsh communities were 20 m x 20 m. Additionally, because the landward extent of 
saltmarsh varied across locations, the position of each saltmarsh site was determined by measuring 
the distance between the mangrove forest and swamp-oak forest and then locating the saltmarsh 
site at the midpoint of this distance to ensure results were not confounded by marsh position 
























MF = Mangrove     SM = Saltmarsh     SF = Swamp-oak Forest 
Jervis Bay Minnamurra River Towra Point 
  MF        SM       SF    MF        SM     SF    MF        SM     SF  
  
  







































 10   11    12 
  
  







































  19   20   21 
  
  
 22    23   24 
!!
!!







































  4      5     6 
  
  
  13   14   15 
  
  














Figure 4 Sampling design tree to examine how the seed bank varies with vegetation community (mangrove forest, MF; saltmarsh, SM and swamp-oak forest, SF) across three locations (Jervis 
Bay, Minnamurra River and Towra Point). There were 20 replicate cores taken at each of the 3 replicate sites in each community at each location. 
2.2.2 Soil sampling 
Twenty soil cores were randomly sampled from within each site in order to assess the identity and 
abundance of seeds in the seed bank (thus, 60 cores per community at each location, 180 cores per 
community across locations and 540 cores in total, Fig. 4). Sampling of the soil seed bank was 
conducted over a period of 23 days from March 23rd to April 15th 2014. Sampling during autumn 
was considered the most appropriate time to maximise the potential for a diverse and abundant 
seed bank, since the majority of estuarine plants flower over summer (Sainty 2012). Soil cores were 
10 cm in diameter and 5 cm deep, equating to a soil volume of 393 cm3. Obstructions, such as tree 
trunks were avoided, with the core moved approximately 1m from the obstruction. Care was taken 
to avoid damage to living above-ground biomass when taking soil cores by parting the plants prior to 
collecting soil as necessary. In the swamp-oak forest, the leaf litter, which was predominately 
composed of Casuarina glauca leaves, was carefully removed before taking soil cores, following 
methods developed by Gooden and French (2014). Gooden and French (2014) found that leaf litter 
within the swamp-oak forest was not a significant contributor to the seed bank, with no species 
unique to the litter. Saltmarsh and mangrove communities are typically devoid of leaf litter; however, 
any non-living vegetative material that was present in the allocated core area in these vegetation 
communities was also removed for consistency. Cores were placed into zip-lock sample bags, sealed 
with the air removed, placed together in opaque bags and transported to fridges at the University of 
Wollongong on the same day of collection. Soil cores were kept in these fridges in the opaque bags 
at approximately 4°C for up to two weeks before being processed and placed in glasshouses.  
 
To determine the relationship between the soil seed bank and the above ground plant community, a 
census of the standing vegetation was undertaken within each 400 m2 quadrat. Surveys consisted of 
identifying all plant species present and determining their abundance in terms of foliage cover. 
Percent foliage cover was estimated for each species by assigning a Braun-Blanquet cover abundance 
value according to the following scale: 1 <5% cover and one or a few individuals; 2, <5% cover and 
uncommon; 3, <5% cover and common; 4, <5% cover and very abundant; 5, 5–20% cover; 6, 21–
50% cover; 7, 51–75% cover; 8, 76–100% cover (Mason and French 2007, adapted from Poore 
1955). 
 
2.2.3 Seed bank assessment  
The identity and abundance of viable propagules within the seed bank was assessed using a seedling 
emergence experiment in glasshouses at the Ecological Research Centre (ERC) of the University of 
Wollongong (34°25′S, 150°54′E), following methods outlined by Poiani and Johnson (1989) and 




within the sample bag by hand, and spreading the soil to a thickness of 2 cm onto a base layer of 2 
cm thick sand within 17 cm x 11.5 cm propagation trays. Large roots were removed from the soil 
samples during the homogenising process to avoid them physically hindering subsequent germination 
and reduce the risk of shoots emerging from species capable of vegetative reproduction (Wolters 
and Bakker 2002; Ter Heerdt et al. 1996; Hopkins and Parker 1984). A subset of removed roots 
were retained and examined under a dissecting microscope to ensure that seeds were not clustered 
around roots. Subsequent examination of roots revealed no seeds were removed from the soil 
when roots were extracted. To account for potential contaminant seed within the sand substrate 
base layer, 54 control propagation trays were randomly interspersed amongst sample trays within 
the glasshouses. Fourteen seedlings emerged from the control trays but none of these species were 
detected within sample trays.  
 
Soil and control trays were watered with tap water (i.e. freshwater) using misters located 50 cm 
above trays for five minutes, three times a day (at 7am, 11am and 3pm) to ensure that samples were 
kept continually moist. Trays were re-randomised within and between the glasshouses every 2-4 
weeks to account for any microclimatic influences in the glasshouse on seedling emergence. 
Temperature data loggers (HOBO pendant loggers) were also placed inside each glasshouse to track 
long-term changes in temperature and account for any difference between glasshouses over the 
course of the experiment. Temperatures between glasshouses were similar over the duration of the 






Figure 5 Photo of one of the greenhouses used in this study. Individual soil sample trays are pictured and photo was taken 
near the start of the experiment. Note straws in trays used to distinguish seedlings, and also the sand control trays.  
 
Censuses of germinating, vascular (excluding ferns) seedlings were undertaken over a four month 
period, initially every week for four weeks, then subsequently every fortnight for four weeks, once 
again after three weeks, and a final audit six weeks later. It has been shown that four months is a 
sufficient time to capture the majority of viable seeds within coastal seed banks (e.g. Baldwin 1999; 
Baldwin and Derico 1999; O’Donnell et al. 2014). Indeed, I too found that greater than 90 % of 
seedlings from all three communities emerged within the first 8 weeks of the study (Fig. 6), indicating 




Censuses were conducted by assigning each individual seedling within a tray a species identity (if 
known) or morphospecies code then recording the number of individuals per species or 
morphospecies within the tray during each census period (Fig. 7). Between one and four seedlings of 
each morphospecies were transplanted into small seedling tubes (5 cm x 5 cm x12 cm) and grown 
until a positive species identification could be made, after which all other individuals were removed 
from each tray and discarded. Seedling tubes contained a 50:50 mix of native potting soil and sand, 
with Osmocote® Native Plant Fertiliser added to the volume specified by the manufacturer. All 
species were identified using Flora of the Sydney Region (Pellow et al. 2009). The online database 
PlantNET was also used to assign each species in the seed bank as native or alien (The Royal Botanic 
Gardens and Domain Trust 2014). Alien species were defined as those introduced from other 
regions within Australia or other countries.  Some species did not flower within the duration of the 
study and identification was limited to genus; however, none of these species were abundant in the 
seed bank.   
 
A key limitation of the seedling emergence method is that it is only able to detect viable and non-
dormant seeds within seed banks, and is unable to give an overall estimate of the number of 
propagules that arrive at a site at any given time. Indeed, it is possible that the lower overall seed 
density in mangrove forest compared to the saltmarsh and swamp-oak forest (Fig. 6) is a result of 
low rates of post-settlement seedling recruitment rather than seed arrival. Thus, I extracted a subset 
of soil from ten mangrove samples from which no germinants were detected to determine whether 
any residual seed were present in the soil that had not germinated. Soil was vigorously mixed in 
buckets of soapy water to separate clay from sand particles and seeds. This mixture was thoroughly 
rinsed through a 500 µm sieve, which allowed for the removal of fine clays whilst retaining seeds and 
sand.  This sand/seed mixture was dried at 60 oC for 2 hours, and then spread to an approximate 
depth of 2 mm in 100 mm-wide petri dishes. Samples were thoroughly inspected for seed beneath a 
dissecting microscope at 10 X magnification. Of the six samples examined, three seeds were found. 
This indicates, at least for this system, that seedling emergence was a sufficient method to evaluate 





























































Figure 6 Cumulative number of emergent seedlings through time (in weeks) from soil cores sampled from (a) swamp-oak 








Figure 7 Photo of assorted soil sample trays with seedlings that have emerged from the soil seed bank 
 
2.2.4 Data analyses 
The aim of this first study was to explicitly examine spatial variation in seed bank assemblages across 
the three vegetation communities as well as the broader coastal landscape (i.e. amongst locations), 
rather than at fine scales within community patches (see subsection 2.3 below). Thus, for the 
purposes of analyses for this first study, I pooled the data on seedling emergence across the 20 
replicate cores within each 400 m2 site.  This minimised within-site variation in seed density, and 
gave three replicate sites per community for each location, allowing greater power to test for 
differences among communities and locations. 
 
Two-factor, mixed model analyses of variance (ANOVA) were used to examine variation in seed 
bank species richness and density amongst vegetation community types (three treatment levels: 
mangrove forest, saltmarsh, swamp-oak forest) and locations (three treatment levels: Jervis Bay, 
Minnamurra and Towra Point), using the statistical package JMP 11. Location was considered a 




necessary to improve homogeneity of variances and normalise distributions of residuals. Where 
significant effects were detected in ANOVA, post hoc comparisons of means were assessed using 
the Tukey Honest Significant Different (HSD) multiple comparison test. An α significance threshold 
of 0.05 was used to determine the significance of all tests, including multivariate analyses. These 
analyses were done for the following response variables: species richness and seed density (i.e. 
number per site) for native and alien species (combined and separately). 
 
To determine if there were differences in native and alien species richness (combined and 
separately) between the seed bank and above ground vegetation (fixed factor) amongst the three 
community types and locations, a three-factor, mixed effect analysis of variance (ANOVA) was 
conducted following the protocols outlined above.  
 
Compositional differences in the seed bank assemblage amongst community types and locations 
were examined using distance-based permutational multivariate analyses of variance (PERMANOVA) 
(Anderson 2001), performed with the statistical package PRIMER 6 (Clarke and Gorley 2006) and 
PERMANOVA+ B (Anderson and Gorley 2007). Average compositional similarities between 
replicate sites were determined by calculating Bray-Curtis similarity indices for all possible site pairs 
(McArdle & Anderson 2001). Analyses were done using both species abundance (i.e. density of 
germinants) and presence/absence data, which enabled me to determine the contribution of 
uncommon or less abundant species to compositional change. Where differences in species 
assemblages were detected, pairwise analyses of similarity were analysed by PERMANOVA to 
determine which treatments varied significantly within factors (Clarke 1993). Compositional 
differences between communities and locations for abundance and presence/absence data were also 
expressed visually by generating non-metric multidimensional scaling (nMDS) ordination plots 
(Clarke 1993). Where compositional differences were detected, similarity percentage (SIMPER) 
analysis was used to identify the species contributing most strongly to the compositional differences. 
Similarly, compositional differences between the seed bank and standing vegetation were assessed 
using PERMANOVA, pairwise PERMANOVA, nMDS and SIMPER analyses based on the 
presence/absence of species in seed bank and standing vegetation across communities and locations.  
 
After determining which species contributed most strongly to compositional differences in the 
species assemblages (abundance data) via SIMPER analysis, single species univariate analyses (as above 
for seed bank species richness and density) were conducted on the four most common and 
abundant species in the seed bank (Juncus kraussii, Samolus repens, Sporobolus virginicus, Sarcocornia 




2.3 Seed banks of vegetation microsites within saltmarsh communities 
2.3.1 Sampling design and site selection  
Saltmarsh communities are characterised by the non-random distribution of species across a mosaic 
of ‘microsites’ that are often dominated by one species (Adam 1990; Zedler et al. 1995) (Fig. 8). The 
drivers of this fine-scale mosaic of microsites are not explicitly understood (see Zedler et al. 1995) 
and may be caused by the non-random dispersal, storage and emergence of seeds from the seed 
bank. Alternatively, the scale over which seeds are dispersed and become stored within the soil 
(particularly for species with water and wind dispersal strategies) may be greater than the fine scale 
over which microsites are configured. If this is the case, then microsites are likely to be formed by 
post-settlement recruitment filters. These contrasting mechanisms of microsite formation were 
examined by sampling and comparing the soil seed bank with the standing vegetation across several 
common, single-species dominated microsites within the saltmarsh community. 
   
Drawing on the findings of Zedler et al. (1995) and my own observations of vegetation dominance in 
the saltmarsh at the three study locations, four dominant microsites were identified: areas 
dominated by (1) Juncus kraussii, (2) Sporobolus virginicus, (3) Sarcocornia quinqueflora and (4) patches 
of bare mud that were not dominated by any vegetation (hereafter these microsites are referred to 
as Juncus, Sporobolus, Sarcocornia and mud, respectively).  Areas dominated by J. kraussii, S. virginicus 
and S. quinqueflora were deemed to be microsites if the ground cover vegetation was > 70% of the 
target species and was larger in area than 1 m2. Similarly, mud microsites were defined as areas 
larger than 1 m2 that were 70% or greater of bare mud and thus less than 30% total vegetation cover 














Juncus = Juncus kraussii microsite Sporobolus = Sporobolus virginicus microsite
Sarcocornia = Sarcocornia quinqueflora microsite Mud = >70% unvegetated microsite
	  
  Jervis Bay 	      Minnamurra River 	   Towra Point 
	  
 Juncus     Sporobolus     Sarcocornia      Mud             
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Figure 9 Sampling design tree to examine how the seed bank varies with microsite (Juncus, Sporobolus, Sarcocornia and mud) in saltmarsh across three locations (Jervis Bay, Minnamurra River 
and Towra Point). 
 
2.3.2 Soil sampling 
At the three saltmarsh sites at each location, seven replicate soil samples were extracted from each 
of the four microsites (i.e. 28 samples per site, 84 samples per location and 252 samples across the 
study region; Fig. 9). Soil sampling followed the same general method outlined in subsection 2.2.2 
and was done in the same three saltmarsh sites as used in the first study (subsection 2.2.2). 
However, the size of the quadrat from which the soil was sampled was tripled in size by adding 20 m 
to each side of the original 400 m2 along shore to produce a 60 m x 20 m quadrat. This was to 
ensure that each of the microsites was adequately represented at each site. Within this larger 
quadrat microsites were identified (patches larger than 1 m2 and with 70% or greater cover of each 
species) and then cores were randomly distributed across each available microsite area. Strung 
quadrats (0.25 m x 0.25 m) were used to assist in the quantification of percentage cover of 70% or 
greater for a given species within a microsite. Sampling was carried out at all saltmarsh sites at Jervis 
Bay, Minnamurra River and Towra Point on the southern coast of NSW, Australia, over 40 days 
from the 23 of March to 1 of May 2014.  
 
2.3.3 Seed bank assessment  
Once collected, cores were placed in plastic zip lock bags with the air removed, placed in opaque 
bags and kept in the fridge at approximately 4 degrees for up to two weeks before being placed in 
the glasshouse. Microsite samples were processed and placed in the glasshouse following the exact 
method detailed in 2.2 (soil homogenised, roots removed and spread onto a base layer of 2cm of 
sand). Seedlings were tracked and identified at the same intervals and using the same protocol as 
section 2.2 also.  
 
2.3.4 Data analysis  
To determine if the seed density of key saltmarsh species were related to changes in dominant 
vegetation at the microscale, two-way ANOVA’s were conducted to compare the density of three 
individual species (J. kraussii, S. virginicus and S. quinqueflora) amongst the four microsites (Juncus, 
Sporobolus, Sarcocornia and Mud) and locations (Jervis Bay, Minnamurra, Towra Point). Similarly, two-
way ANOVA’s were conducted for the density of all seeds and species richness amongst microsites 
and locations. The protocol for univariate analyses as described in section 2.2.3 above was followed.  
 
Additionally, to compare assemblages of species within the seed bank amongst different vegetation 
microsites, PERMANOVA analyses were conducted in PRIMER 6, as described in subsection 2.2.3. 




replicate. At this fine scale of sampling, many cores were found to contain no germinants (i.e. zero 
values). These samples were removed from the compositional analyses because Bray-Curtis 
similarity indices cannot be calculated for pairs of samples with no species present (McArdle and 
Anderson 2001). However, this was a low proportion of samples (15%) and samples with no 
germinants were evenly distributed across microsites and locations.  SIMPER analysis was used to 

































2.4 Seed bank depth stratification 
2.4.1 Sampling design and site selection  
The aim of this third study was to investigate whether the density and richness of the seed bank 
varied with soil depth. Unlike in the first two studies, sampling for seed bank depth was carried out 
at two locations only, Jervis Bay and Minnamurra River, and within each location only one swamp-
oak and one saltmarsh site. At each location seven cores were taken from the swamp-oak forest site 
and seven from each of Juncus, Sporobolus and Sarcocornia microsite patches within the saltmarsh site, 
equating to 28 samples per location and 56 overall, and once stratified into three layers, 168 samples 
in total (Fig. 11).  Samples were not taken from mangrove areas as results from subsection 2.2 
revealed a very small seed bank in this community. Sampling was conducted over three days from 
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Figure 10 Sampling design tree to examine how the seed bank varied with soil depth (a 0-1 cm, b 1-2 cm, c 2-5 cm) across vegetation communities/microsites (Mangrove Forest, Juncus 
Microsites, Sporobolus Microsites, Sarcocornia Microsites and Swamp-Oak Forest) and across two sites at two locations (Jervis Bay and Minnamurra River). 
 
2.4.2 Soil sampling 
Soil sampling followed the same general method outlined in 2.3 (10cm in diameter, 5cm deep and 
taken excluding leaf litter with care to not damage above ground vegetation); however, cores were 
stratified into three layers: 0-1 cm, 1-2 cm and 3-5 cm deep. Cores were stratified in the field upon 
collection by cutting with a thin, sharp metal knife and each layer kept in a separate zip locked bag 
with the air removed and stored in a larger opaque bag.  
 
2.4.3 Seed bank assessment  
Stratified soil samples were processed for placement into the glasshouse following the same method 
outlined in subsection 2.2.2 (soil homogenised, roots removed and spread onto a base layer of sand). 
However, due to the decreased volume of soil associated with partitioning cores into three layers, 
different sized trays were used and soil was spread to a thickness of only 1cm. The two layers of soil 
closest to the surface (0-1 cm and 1-2 cm deep) were placed in 100 mm diameter pots at 1 cm 
thickness. The third soil layer with a larger volume (3-5 cm depth) was also spread to 1 cm thickness 
in larger propagation trays. As with all other samples, seedlings were tracked and identified at the 
same intervals and using the same protocol as section 2.2, however, germination rates were only 
quantified for a period three months (versus four for the community and microsite experiments).  
 
2.4.4 Data analyses 
To determine if species richness or density varied with soil depth, the number of species and density 
were analysed by a three-factor ANOVA as a function of soil depth (0-1 cm (A), 1-2 cm (B) and 3-5 
cm (C)), vegetation type (swamp-oak forest, Juncus, Sporobolus, Sarcocornia), and location (Jervis Bay 
and Minnamurra River). Each layer from individual soil samples was used as the unit of replication 
within vegetation types and locations. For the purpose of analyses I assumed that each strata layer 
was independent as there was insufficient statistical power to examine nestedness within each core.  
To standardise for soil volume, the number of species and density of seeds was divided by “3” in the 
deepest layer of soil (i.e. 3-5 cm) to make estimates of seed density and richness comparable to the 










Chapter 3: Results 
 
3.1 Role of seed banks in structuring the estuarine vegetation complex 
3.1.1 Seed density and richness 
A total of 9117 seedlings emerged from the upper 5 cm of 540 soil samples taken from 27 sites, 
equating to a mean of 2151 seeds/m2 across all vegetation communities and locations. In total, 87 
species germinated from the soil seed bank: 50 were native (57.5%), 30 were alien in origin (34.5%) 
and 7 could not be identified (8.0%) (Appendix 1). Native species dominated in abundance, making 
up 94.9% of the total number of seedlings, and alien species and unclassified specimens comprised 
only 5.0% and 0.1% of total number of germinants, respectively. Overall, two saltmarsh species, 
Juncus kraussii and Samolus repens, dominated the species assemblage of the seed bank, collectively 
accounting for 75% of emergent seedlings.  
 
The total density of seedlings emerging from the soil varied significantly amongst vegetation 
communities, with the largest number of seedlings emerging from soil of saltmarsh and swamp-oak 
forest, and smallest number from the mangrove forest (Fig. 11, Table 2). Saltmarsh had almost 
double the density of seedlings (4008 seeds/m2) compared to swamp-oak forest (2209 seeds/m2) and 
20 times more than mangrove forests (236 seeds/m2), although variation in densities of seeds 
amongst sites in the saltmarsh was considerable (Fig. 11). These patterns in seed density amongst 
communities were consistent across locations, which had variable but statistically similar overall 
densities of emerged seedlings, ranging from 1711 seeds/m2 at Towra Point to 2970 seeds/m2 at 
Jervis Bay (Table 2).  
 
Removal of alien species from the data and rerunning the same analyses examining variation in the 
densities of seeds amongst communities and locations yielded similar results (Table 2). This was 
perhaps unsurprising given the relatively small densities of alien seeds (compared to native seeds) 
and, therefore, all subsequent statistical analyses examining variation in seed density have only been 
done with native species. In contrast, due to the relatively large number of alien species in the seed 
bank, analyses involving numbers of species (i.e. species richness and composition of species) are 







Table 2 Results of two-factor mixed model ANOVAs comparing the density and species richness of germinants from the 
soil seed bank amongst Swamp-Oak Forest (SF), Saltmarsh (SM) and Mangrove Forest (MF) communities across three 
locations: Jervis Bay (JB), Minnamurra River (MR) and Towra Point (TP). Bold values indicate significant effects. Post hoc 
Tukeys Honestly Significant Difference (HSD) tests were used to determine how treatment means varied within significant 
factors. 
Response variable 
        Predictor variable df SS F p r
2 Tukeys HSD 
Density of seeds in soil seed bank (all species)       
     Model 8 51.76 3.857 0.0083 0.632  
     Location 2 3.51 1.047 0.3710   
     Community 2 41.47 12.251 <0.0001  (SM = SF) ≠ MF 
     Location x Community 4 6.77 1.009 0.4290   
     Error 18 30.19     
Density of seeds in soil seed bank (natives only)       
     Model 8 55.60 4.146 0.0058 0.648 (SM = SF) ≠ MF 
     Location 2 4.28 1.278 0.30526   
     Community 2 43.76 11.599 0.0216   
     Location x Community 4 7.55 7.546 0.3755   
     Error 18      
Richness of species in soil seed bank (all species)       
     Model 8 7.72 7.772 0.0002 0.775  
     Location 2 1.53 6.179 0.0091  JB = (MR ≠ TP) 
     Community 2 5.50 16.176 <0.0001  SM ≠ SF ≠ MF 
     Location x Community 4 0.68 1.367 0.2845   
     Error 18 2.23 0.124    
Richness of species in soil seed bank (natives only)       
     Model 8 7.19 8.161 0.0001 0.784  
     Location 2 1.40 6.376 0.0081  JB = (MR ≠ TP) 
     Community 2 5.18 23.530 <0.0001  SM ≠ (SM = MF) 
     Location x Community 4 0.60 1.369 0.2837   



































Figure 11. Mean (±SE) germinant density amongst three communities: Swamp-Oak Forest, Saltmarsh and Mangrove Forest 
(each bar, n = 9). Letters denote significant differences in seed density between communities determined by two-way 





The total number of species in the seed bank (i.e. native and alien species collectively) varied 
significantly amongst vegetation communities, with all three community types differing from one 
another (Table 2, Fig. 12). Swamp-oak forest was the most diverse community, with nearly twice the 
number of species as saltmarsh, and mangroves had the fewest species in the seed bank (Fig. 12). 
Similar to the abundance of seeds, differences in species richness of the seed bank among vegetation 
communities were similar at each location (i.e. non-significant interaction term, Table 2). 
Nevertheless, species richness of the seed bank varied significantly amongst locations, with seed 
banks in swamp-oak forest and mangroves at Minnamurra and Jervis Bay containing substantially 
more species than at Towra Point (Table 2, Fig. 12).  
 
When alien species were excluded, patterns for the richness of native species were similar, with 
significant differences across communities and locations (Table 2, Fig. 13). Indeed, the only minor 
variation in statistical outcomes was that there was no longer a difference in the number of native 
species in the seed bank between the saltmarsh and mangrove communities (Table 2, Fig. 13). 
Overall, native species richness in the seed bank of swamp-oak forest was double that in saltmarsh 
and mangrove forest. Still, the overall patterns in numbers of species across communities and 
locations were similar regardless of the presence of alien species (Fig. 12, 13), suggesting that alien 
species are adding richness to the seed bank but are not driving the differences in the number of 


































Figure 12 Mean (+SE) total species richness (native and alien species combined) emerging from the soil seed bank across 
three communities: Swamp-Oak Forest, Saltmarsh and Mangrove Forest and at three locations: Jervis Bay, Minnamurra 
River and Towra Point (each bar, n = 3). Letters denote significant differences in seed bank species richness amongst 
communities, determined by two-way ANOVA and Tukeys HSD tests. Horizontal lines that cross bars within each 




























Figure 13 Mean (+SE) native species richness (alien species removed) emerging from the soil seed bank across three 
communities: Swamp-Oak Forest, Saltmarsh and Mangrove Forest and at three locations: Jervis Bay, Minnamurra River and 
Towra Point (each bar, n = 3). Letters denote significant differences in seed bank species richness amongst communities, 
determined by two-way ANOVA and Tukeys HSD tests. Horizontal lines that cross bars within each community denote 





3.1.2 Composition of the seed bank 
The composition of species emerging from the seed bank varied significantly amongst communities, 
based on both the presence/absence of species and the number of species; yet, no significant pair-
wise differences were detected between individual community types (PERMANOVA: Table 3). 
Despite this, there were trends towards significant differences in individual communities between 
mangroves and swamp-oak, and saltmarsh and swamp-oak (Table 3), and non-metric 
multidimensional scaling (nMDS) ordination of species abundance indicated significant clustering of 
samples by community type (Fig. 14a, b, Table 3).  
 
Differences in the composition of species between communities were mostly due to the presence or 
absence of species in individual communities, and not their abundance (Table 4). Indeed, using 
numbers rather than presence or absence of species only increased the magnitude of compositional 
differences between mangroves and saltmarsh by 29%, mangrove and swamp-oak by 17%, and 
saltmarsh and swamp-oak by 15%, indicating that the main driver of community differentiation was a 
change in the identity or frequency of occurrence of species in the seed bank (Table 4). This can be 
discerned from nMDS plots: the distinction between community types is more pronounced when 
data for presence/absence of species is used rather than their abundances, with saltmarsh sites being 
closely clustered and having less overlap with other communities (compare Fig. 14 a and b). Species 
compositions amongst locations also differed significantly based on the identity (presence/absence) 
of species overall: Minnamurra River was distinct from Towra Point and Jervis Bay, yet Towra Point 
and Jervis Bay were not distinguishable (Table 3).  
 
Identical analyses of presence/absence and abundance of species between communities and locations 
with alien species removed, revealed the same pairwise differences between communities and 














Table 3 Results of PERMANOVA models of the variation in species assemblages (using both abundance and 
presence/absence data) versus community type: mangroves, saltmarsh and swamp-oak forest, and location: Jervis Bay, 
Minnamurra River and Towra Point). Pairwise tests were done following significant PERMANOVA results. Bold indicates 
significant effects. Parentheses in response variable indicate transformation of data.  
Response variable 
        Source of variation df SS Pseudo-F p 
Figure 
reference 
Assemblage of species in seed bank (presence/absence)      
     Location 2 8061.5 2.53 0.001  
     Community 2 14095 3.52 0.012 Fig. 14a 
     Location x Community 4 8012.7 1.26 0.184  
     Error 18 28683    
 
Pairwise test ‘Location’  t P  
 Minnamurra River vs Towra Point 1.76 0.004  
 Minnamurra River vs Jervis Bay 1.67 0.002  
 Towra Point vs Jervis Bay 1.33 0.133  
 Pairwise test ‘Community’  t P  
  Mangroves vs. Saltmarsh 1.72 0.153  
  Mangroves vs Swamp-Oak Forest 1.80 0.098  
  Saltmarsh vs Swamp-Oak Forest 2.09 0.091  
      
Assemblage of species in seed bank (abundance)      
     Location 2 9417.2 1.57 0.058  
     Community 2 19637.0 2.53 0.027 Fig. 14b 
     Location x Community  4 15465.0 1.29 0.141  
     Error 18 53931.0    
 Pairwise test ‘Community’  t P  
 Mangroves vs. Saltmarsh 2.02 0.111  
 Mangroves vs Swamp-Oak Forest 1.55 0.199  




Table 4 Source of compositional differences between individual communities based on the presence/absence of species and 
the abundance of species. Values are average Bray-Curtis Dissimilarity percentages calculated from SIMPER analysis.  
 Presence/Absence Abundance 
Mangroves vs. Saltmarsh 60.16 88.79 
Mangroves vs Swamp-Oak Forest 74.35 91.20 




























Figure 14 Non-metric multidimensional scaling ordination (nMDS) of species emerging from seed bank, a. transformed to 
presence/absence data, and b. transformed to abundance data, by community type: mangrove forest, saltmarsh and swamp-












3.1.3 Species contributing to differences in seed bank composition 
Compositional differences in the seed bank amongst the three communities were driven 
predominately by seed densities of only a few species, namely Juncus kraussii (a densely-tufted, stout 
rush), Samolus repens (a trailing forb) and Tetragonia tetragonioides (a trailing, succulent forb). Indeed, 
in all pairwise comparisons between community types, greater than 50% of compositional differences 
were explained by changes in the abundance of only two species: J. kraussii and S. repens (SIMPER: 
Table 5). For example, variations in the densities of these two species contributed 41% and 37%, 
respectively, to the dissimilarity between mangrove and saltmarsh seed bank communities, with both 
species substantially more abundant in saltmarsh (Table 5). Overall, all species contributing to 
dissimilarity between communities had substantially lower seed densities within the mangrove seed 
bank than either the swamp-oak or saltmarsh seed banks (Table 5). Likewise, most species, including 
J. kraussii and S. repens, were at least two times more abundant with the saltmarsh than swamp-oak 
seed bank. However, two species, T. tetragonioides and Suaeda australis (a woody, semi-succulent 
shrub) were strong contributors to swamp-oak forest seed banks, but were rarely detected within 
the saltmarsh (Table 5). Overall, differences in composition between communities detected by 






















Table 5 SIMPER analysis summary showing the cumulative contributions (up to 85%) of species to the average dissimilarity 
between community types (swamp-oak forest, saltmarsh and mangrove Forest). *Values are mean number of germinants 



























Samolus repens Native 1.44 246.56 36.42 1.09 41.02 41.02 
Juncus kraussii Native 25.67 321.78 32.71 1.07 36.84 77.86 
Sporobolus virginicus Native 4.22 14.44 5.74 0.61 6.46 84.32 
Sarcocornia quinqueflora Native 0.78 7.78 4.22 0.80 4.75 89.07 
        







Juncus kraussii Native 25.67 163.78 42.20 1.19 46.27 46.27 
Tetragonia tetragonioides Native 0.00 19.22 7.43 0.69 8.14 54.41 
Suaeda australis Native 0.00 13.00 5.28 0.48 5.79 60.20 
Sporobolus virginicus Native 4.22 8.78 3.93 0.70 4.31 64.51 
Samolus repens Native 1.44 9.44 3.58 0.64 3.93 68.44 
Centaurium erythraea Alien 0.00 31.11 3.58 0.37 3.93 72.36 
Sarcocornia quinqueflora Native 0.78 4.78 1.94 0.61 2.12 74.49 
Lobelia anceps Native 0.00 8.78 1.69 0.49 1.85 76.34 
Luzula spp.  Native 0.00 15.00 1.69 0.35 1.85 78.18 
Bolboschoenus spp. Native 0.11 11.89 1.67 0.50 1.83 80.02 
Myoporum acuminatum Native 0.00 3.44 1.34 0.51 1.47 81.49 
Ficinia nodosa Native 0.00 2.89 1.21 0.42 1.33 82.82 
Triglochin striata Native 0.89 2.44 1.18 0.65 1.30 84.12 
Casuarina glauca Native 0.00 2.78 1.07 0.52 1.17 85.29 










Juncus kraussii Native 321.78 163.78 32.17 1.09 37.80 37.80 
Samolus repens Native 246.56 9.44 23.34 0.93 27.42 65.22 
Tetragonia tetragonioides Native 0.00 19.22 4.07 0.56 4.78 70.00 
Suaeda australis Native 1.78 13.00 3.02 0.42 3.55 73.56 
Sporobolus virginicus Native 14.44 8.78 2.64 0.68 3.10 76.65 
Centaurium erythraea Alien 0.11 31.11 2.57 0.35 3.02 79.68 
Triglochin striata Native 32.22 2.44 2.32 0.88 2.72 82.40 
Sarcocornia quinqueflora Native 7.78 4.78 1.54 0.96 1.81 84.21 




Based on the presence/absence of species in the seed bank, the main contributor to differences 
between mangrove and swamp-oak, and saltmarsh and swamp-oak was the presence of Lobelia 
anceps at swamp-oak communities only (Table 6). Other native species, such as Samolus repens and 
Sporobolus virginicus, had a similar likelihood of occurrence between mangrove and swamp-oak 
forests. Between mangrove and saltmarsh communities all diagnostic saltmarsh species had a higher 
likelihood of occurrence within saltmarsh (J. kraussii, S. repens, S. virginicus, S. quinqueflora), with the 
exception of Triglochin striata, which was just as likely to occur in the mangrove forest seed bank 
(Table 6). Similarly, the majority of diagnostic saltmarsh species between swamp-oak and saltmarsh 
communities had a higher likelihood of occurrence in the saltmarsh (S. virginicus, S. repens, T. striata, 
S. quinqueflora), with the exception of S. australis, which was likely to occur equally across 
communities, and J. kraussii, which was more likely to be present in the seed bank of swamp-oak 
forests (Table 6).  
 
In contrast to compositional analyses using abundance data, using presence/absence data resulted in 
alien species being more common in the top 50% of contributors to dissimilarity between 
communities and locations (SIMPER: Table 6). Sixteen species comprised 50% of the cumulative 
contributions to differences between mangrove and swamp-oak communities and six of these 
species were alien (Table 6). Of these alien species, four were absent from mangroves and only one 
was more likely to occur in mangroves than swamp-oak forest (Table 6). All alien species were more 
likely to occur in swamp-oak forest than saltmarsh, with the exception of the rhizomatous grass 
Pennisetum clandestinum (Table 6). Interestingly, the alien species Conyza bonariensis was the main 
contributor to differences between mangrove and saltmarsh, being more likely to occur in mangrove 
















Table 6 Summary of SIMPER analysis displaying the cumulative species contributions (up to 50%) to the average 
dissimilarity between community type (Swamp-Oak Forest, Saltmarsh and Mangrove Forest) based on species 
presence/absence. Species origin is indicated by being either native or alien. *Average likelihood of occurrence 0 = not 

















Conyza bonariensis Alien 0.78 0.33 4.48 1.14 7.44 7.44 
Typha orientalis Native 0.33 0.67 4.21 1.07 7.00 14.44 
Senecio.madagascariensis Alien 0.56 0.11 3.92 1.05 6.51 20.95 
Juncus kraussii Native 0.56 0.78 3.76 0.91 6.26 27.20 
Samolus repens Native 0.56 1.00 3.63 0.87 6.03 33.23 
Sporobolus virginicus Native 0.67 0.78 3.17 0.79 5.27 38.51 
Triglochin striata Native 0.33 0.33 3.11   0.87 5.17 43.67 
Sarcocornia quinqueflora Native 0.56 1.00 2.94 0.87 4.89 48.56 
Sonchus oleraceus Alien 0.00 0.33 2.62 0.69 4.36 52.92 
        




    
Lobelia anceps Native 0.00 0.67 3.85 1.20 5.17 5.17 
Solanum nigrum Alien 0.00 0.56 2.74 0.98 3.68 8.85 
Sporobolus virginicus Native 0.67 0.56 2.54 0.85 3.41 12.27 
Senecio.madagascariensis Alien 0.56 0.44 2.52 0.89 3.39 15.65 
Samolus repens Native 0.56 0.56 2.47 0.85 3.33 18.98 
Juncus kraussi Native 0.56 0.89 2.45 0.79 3.30 22.28 
Typha orientalis Native 0.33 0.56 2.38 0.92 3.21 25.49 
Sarcocornia quinqueflora Native 0.56 0.67 2.38 0.84 3.20 28.69 
Centaurium erythraea Alien 0.00 0.44 2.19 0.78 2.94 31.63 
Casuarina glauca Native 0.00 0.56 2.16 1.00 2.91 34.54 
Tetragonia tetragonioides Native 0.00 0.56 1.91 1.08 2.56 37.10 
Chenopodium album Alien 0.00 0.44 1.87 0.82 2.51 39.61 
Cyperus spp. Native 0.33 0.22 1.76 0.77 2.37 41.98 
Triglochin striata Native 0.33 0.22 1.75 0.77 2.35 44.33 
Bolboschoenus spp. Native 0.11 0.33 1.60 0.69 2.15 46.48 
Conyza bonariensis Alien 0.78 0.78 1.56 0.65 2.10 48.58 
Sonchus oleraceus Alien 0.00 0.33 1.44 0.66 1.94 50.52 
        




    
Lobelia anceps Native 0.00 0.67 3.33 1.26 4.74 4.74 
Conyza bonariensis Alien 0.33 0.78 2.70 1.06 3.84 8.59 
Solanum nigrum Alien 0.22 0.56 2.32 0.96 3.30 11.89 
Sporobolus virginicus Native 0.78 0.56 2.26 0.85 3.22 15.11 
Typha orientalis Native 0.67 0.56 2.23 0.87 3.17 18.28 
Centaurium erythraea Alien 0.11 0.44 1.98 0.82 2.82 21.11 
Casuarina glauca Native 0.00 0.56 1.97 1.03 2.80 23.90 
Sonchus oleraceus Alien 0.33 0.33 1.91 0.81 2.72 26.63 
Suaeda australis Native 0.33 0.33 1.81 0.82 2.58 29.20 
Samolus repens Native 1.00 0.56 1.80 0.82 2.56 31.77 
Tetragonia tetragonioides Native 0.00 0.56 1.76 1.09 2.51 34.27 
Senecio.madagascariensis Alien 0.11 0.44 1.74 0.84 2.48 36.75 
Chenopodium album Alien 0.00 0.44 1.68 0.84 2.40 39.15 
Triglochin striata Native 0.33 0.22 1.65 0.76 2.35 41.49 
Sarcocornia quinqueflora Native 1.00 0.67 1.62 0.66 2.31 43.80 
Pennisetum clandestinum Alien 0.33 0.11 1.52 0.70 2.16 45.96 
Chamaesyce spp. Native 0.33 0.00 1.50 0.65 2.14 48.10 
Juncus kraussii Native 0.78 0.89 1.24 0.58 1.77 49.87 




Species characteristic of the saltmarsh and alien species were the main drivers of differences among 
locations when only the presence or absence of species was considered (Table 7). Minnamurra had a 
much greater likelihood of T. striata than Towra Point, and this species accounted for the largest 
contribution to dissimilarity between the locations. Sporobolus virginicus was twice as likely to occur 
at Minnamurra than Towra Point and Cyperus spp. were absent from Towra Point (Table 7). 
Similarly, differences between Minnamurra and Jervis Bay were driven by differences in T. striata, 
































Table 7 Summary of SIMPER analysis displaying the cumulative species contributions (up to 50%) to the average 
dissimilarity between locations (Jervis Bay, Minnamurra River, Towra Point) based on species presence/absence. Species 
origin is indicated by being either native or alien. *Average likelihood of occurrence 0 = not present and 1 = present in 




















Triglochin striata Native 0.78 0.11 4.22 1.31 6.09 6.09 
Sporobolus virginicus Native 0.89 0.44 3.29 0.94 4.75 10.83 
Cyperus spp. Native 0.56 0.00 3.06 0.96 4.41 15.24 
Typha orientalis Native 0.56 0.44 2.83 0.90 4.08 19.32 
Sarcocornia quinqueflora Native 0.56 0.67 2.79 0.85 4.03 23.35 
Conyza bonariensis Alien 0.56 0.89 2.78 0.83 4.01 27.36 
Juncus kraussii Native 0.67 0.67 2.70 0.81 3.90 31.25 
Samolus repens Native 0.89 0.56 2.65 0.81 3.82 35.07 
Pennisetum clandestinum Alien 0.33 0.00 2.21 0.68 3.18 38.25 
Senecio madagascariensis Alien 0.33 0.11 2.15 0.69 3.10 41.36 
Solanum nigrum Alien 0.33 0.33 2.09 0.84 3.00 44.36 
Suaeda australis Native 0.33 0.22 2.06 0.76 2.97 47.33 
Sonchus oleraceus Alien 0.22 0.22 1.87 0.66 2.70 50.03 
        







     
Triglochin striata Native 0.78 0.00 3.93 1.41 5.92 5.92 
Senecio madagascariensis Alien 0.33 0.67 2.73 0.93 4.12 10.04 
Cyperus spp. Native 0.56 0.00 2.67 0.94 4.02 14.06 
Conyza bonariensis Alien 0.56 0.44 2.52 0.87 3.81 17.87 
Typha orientalis Native 0.56 0.56 2.50 0.86 3.77 21.64 
Sarcocornia quinqueflora Native 0.56 1.00 2.28 0.78 3.43 25.08 
Pennisetum clandestinum Alien 0.33 0.22 2.12 0.74 3.19 28.27 
Juncus kraussii Native 0.67 0.89 2.04 0.68 3.07 31.34 
Sporobolus virginicus Native 0.89 0.67 1.70 0.68 2.56 33.90 
Samolus repens Native 0.89 0.67 1.70 0.63 2.56 36.46 
Sonchus oleraceus Alien 0.22 0.22 1.57 0.63 2.37 38.83 
Suaeda australis Native 0.33 0.11 1.45 0.70 2.19 41.02 
Solanum nigrum Alien 0.33 0.11 1.38 0.70 2.09 43.11 
Tetragonia tetragonioides Native 0.33 0.22 1.34 0.81 2.01 45.12 
Bolboschoenus spp. Native 0.22 0.11 1.23 0.52 1.86 46.98 
Cirsium vulgare Alien 0.00 0.22 1.18 0.51 1.77 48.76 
Portulaca oleracea Alien 0.22 0.00 1.17 0.51 1.76 50.51 
        






    
Senecio madagascariensis Alien 0.11 0.67 4.08 1.02 6.40 6.40 
Conyza bonariensis Alien 0.89 0.44 3.66 0.92 5.74 12.14 
Sporobolus virginicus Native 0.44 0.67 3.60 0.88 5.65 17.79 
Typha orientalis Native 0.44 0.56 3.31 0.89 5.19 22.97 
Samolus repens Native 0.56 0.67 3.11 0.82 4.88 27.85 
Juncus kraussii Native 0.67 0.89 2.82 0.70 4.43 32.27 
Lobelia anceps Native 0.33 0.22 2.27 0.74 3.56 35.83 
Solanum nigrum Alien 0.33 0.11 2.11 0.71 3.31 39.14 
Sarcocornia quinqueflora Native 0.67 1.00 2.03 0.64 3.18 42.33 
Sonchus oleraceus Alien 0.22 0.22 1.92 0.66 3.02 45.34 
Centaurium erythraea Alien 0.22 0.22 1.87 0.66 2.94 48.28 




3.1.4 Abundance of dominant species                 
The four most common and abundant species in the seed bank were Juncus kraussii, Samolus repens, 
Sporobolus virginicus and Sarcocornia quinqueflora (Table 8). These species were identified as important 
contributors to seed bank compositional differences amongst communities (Table 5, 6). These 
species were present in all communities and at all locations, and all are native and considered species 
characteristic of saltmarsh vegetation (Saintilan 2009a; Tozer et al 2010). Juncus kraussii and S. repens 
were by far the most abundant species in the seed bank, collectively accounting for 75.9% of 
emergent seedlings (Table 8). Juncus kraussii accounted for over 50.5% of seeds overall and was 
present in 39.4% of samples; Samolus repens accounted for 25.4% of germinating seeds overall and 
was present in 25.0% of cores (Table 8). 
 
Table 8 Four most common species in the seed bank across all sites and locations. Abundance refers to percentage of 
emerged seedlings overall and occurrence refers to the percentage of samples the species was present in.  
Species Abundance (%) Occurrence (%) 
Juncus kraussii 50.5 39.4 
Samolus repens 25.4 25.0 
Sporobolus virginicus 2.7 19.8 
Sarcocornia quinqueflora 1.3 11.7 
 
 
Individual species responses of these four most common and abundant species revealed varied 
patterns of seed density across communities and locations, but seedlings of all four species were 
most abundant in saltmarsh communities (Fig. 15, Table 9). The seedling density of J. kraussii did not 
significantly vary across communities yet was most abundant in the saltmarsh (ANOVA: Table 9, Fig. 
15a). Density of S. repens varied significantly amongst communities, with the overwhelming majority 
of germinants emerging from saltmarsh samples (Table 9, Fig. 15b). Sporobolus virginicus accounted for 
only 2.7% of emergent seedlings but these were present in nearly 20% of all samples (Table 8). 
Density of S. virginicus germinants did not significantly vary amongst communities, but seeds were 
most abundant in saltmarsh (Table 9, Fig 15c). Sarcocornia quinqueflora was also widespread, present 
in nearly 12% of samples and accounting for 1.3% of the emergent seed overall. This species also 
varied significantly amongst communities, being most abundant in saltmarsh and with comparable 
densities in the swamp-oak and mangrove forests (Fig. 15d). For most species, germinant density was 
similar amongst locations; however S. virginicus was approximately twice as abundant at Minnamurra 
as at Towra Point (Fig 15c). 






Table 9 Results of two-factor mixed model ANOVA’s of single species density of germinants in the soil seed banks of 
Swamp-Oak Forest (SF), Saltmarsh and Mangrove Forest (MF) communities at three locations: Jervis Bay (JB), Minnamurra 
River (MR) and Towra Point (TP). Bold values indicate significant effects. 
Response variable 
        Predictor variable df SS F p r
2 Tukeys HSD 
Density of Juncus kraussii       
     Model 8 62.59 1.655 0.1872 0.419  
     Location 2 1.52 0.157 0.8553   
     Community 2 33.74 2.470 0.2002   
     Location x Community 4 27.32 1.417 0.2687   
     Error 18 86.80     
       
Density of Samolus repens       
     Model 8 72.73 3.435 0.0141 0.604  
     Location 2 3.66 0.693 0.5131   
     Community 2 61.05 15.243 0.0135  SM ≠ (SF = MF) 
     Location x Community 4 8.01 0.757 0.5667   
     Error 18 47.63     
       
Density of Sporobolus virginicus       
     Model 8 22.97 2.089 0.0927 0.481  
     Location 2 12.40 4.511 0.0258  JB = (MR ≠ TP) 
     Community 2 3.29 0.905 0.4738   
     Location x Community 4 7.27 1.323 0.2993   
     Error 18 24.74     
       
Density of Sarcocornia quinqueflora       
     Model 8 14.40 2.472 0.0528 0.524  
     Location 2 0.35 0.242 0.7875   
     Community 2 8.56 3.124 0.1523   
     Location x Community 4 5.48 1.881 0.1575   



































































































Figure 15 Mean (±SE) density of seeds of the five most abundant and frequent species in the seed bank (a. Juncus kraussii, b. 
Samolus repens, c. Sporobolus virginicus and d. Sarcocornia quinqueflora) by community type (swamp-oak forest, saltmarsh and 
mangrove forest) (n = 9) and location (Jervis bay, Minnamurra River and Towra Point) (n = 9). Please note the differences 








3.1.5 Comparison of species in the seed bank to species in the standing vegetation 
For all vegetation communities and locations, the seed bank and standing vegetation collectively 
comprised 114 species. The seed bank contained 62 unique species (54% of total species) and 28 
unique species were found in the standing vegetation (25% of total species)(Appendix 3), leaving 24 
species common to both the above ground vegetation and the seed bank (21% of total species). 
Overall, significantly more species were present in the seed bank than in the standing vegetation, and 
this pattern was consistent across communities and locations regardless of the inclusion or exclusion 
of alien species (Table 10, Fig. 16).  
 
 
 Table 10 Results of 3-factor mixed model ANOVA of species richness of germinants in the soil seed banks by sample type: 
seed bank (SB) or standing vegetation (SV); community type: swamp-oak forest (SF), saltmarsh (SM), or mangrove forest 
(MF); and location: Jervis Bay (JB), Minnamurra River (MR) and Towra Point (TP). Bold values indicate significant effects. 
Posteriori Tukeys Honestly Significant Difference (HSD) tests were run to determine how treatment means within 
significant factors varied. 
Response variable 
        Predictor variable df SS F p r
2 Tukeys HSD 
Total richness (seed bank + standing vegetation)       
     Model 11 18.30 16.022 <0.0001 0.808  
     Location 2 1.55 7.471 0.0017  (MR = JB) ≠ TP 
     Community 2 13.38 140.842 <0.0001  SM ≠ SF ≠ MF 
     Sample type (seed bank or standing vegetation) 1 2.91 28.025 <0.0001  SB > SV 
     Sample type x Community 2 0.27 1.318 0.2786   
     Location x Community 4 0.19 0.448 0.7729   
     Error 42 4.36     
       
Native richness (seed bank + standing vegetation)       
     Model 11 14.53 10.182 <0.0001 0.727  
     Location 2 1.53 5.923 0.0054  JB =  (MR ≠ TP) 
     Community 2 9.71 88.736 0.0005  SM ≠ SF ≠ MF 
     Sample type (seed bank or standing vegetation) 1 3.05 55.767 0.0012  SB > SV 
     Sample type x Community 2 0.02 0.071 0.7922   
     Location x Community 4 0.22 0.422 0.9313   
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Figure 16 Mean (±SE) number of plant species found in the soil seed bank versus above ground vegetation by a. 
Community type (n = 9) and b. Location (n = 9).  
 
Within each of the three communities, the species composition of the seed bank and standing 
vegetation, based on presence/absence data (native plus alien species), were strongly dissimilar 
(PERMANOVA, Table 11). Clustering in the nMDS plot reveals that the mangrove seed bank was 
more similar to the salt marsh seed bank than the mangrove standing vegetation (Fig. 17a). The 
removal of alien species from compositional analyses revealed a different pattern to that for total 
species (natives and alien) (Fig. 17b, Table 11). Despite the removal of alien species from analyses the 
interaction between sample type (seed bank or standing vegetation) and community type remained 
significant overall (Table 11). However, the seed bank composition and standing vegetation 
composition within individual communities were not distinguishable from one another in subsequent 
pairwise tests, suggesting that in the absence of alien species the composition of the seed bank and 
standing vegetation within a given community are much more similar (Table 11). This is evidenced by 
the increase in overlap between samples in the seed bank and standing vegetation in the nMDS plot 
(compare Fig. 17a and b), with the overlap most pronounced for swamp-oak and saltmarsh 










Table 11 Results of PERMANOVA models of the variation in species assemblages (using presence/absence data) by sample 
type: seed bank or standing vegetation, community: swamp-oak, saltmarsh, mangrove, and location: Jervis Bay, Minnamurra 
River and Towra Point. Bold indicate significant effects. Total species = native + alien species.  
Response variable 





Total species (seed bank + standing vegetation)      
     Location 2 8117.5 3.40 0.001  
     Community 2 28910 5.23 0.018  
     Sample type (seed bank or standing vegetation)  1 22590 12.45 0.1  
     Sample type x Community 2 12159 3.65 0.031 Fig. 17a 
     Location x Community 4 11053 2.31 0.002  
     Location x Community x Sample type 4 6656 1.393 0.092  
     Error 36 43003    
 Pairwise test ‘Sample type x Community’  t p  
      Within Mangrove Forest      
  Seed bank vs Standing vegetation 2.74 0.029  
      Within Saltmarsh     
  Seed bank vs Standing vegetation 4.12 0.014  
      Within Swamp-Oak Forest      
  Seed bank vs Standing vegetation 2.05 0.019  
      
Native species (seed bank + standing vegetation)      
     Location 2 7240 3.21   0.002  
     Community 2 26554 4.41   0.048  
     Sample type (seed bank or standing vegetation)  1 15530 12.35   0.096 Fig. 17b 
     Sample type x Community 2 9452 3.25   0.041  
     Location x Community 4 12053 2.67   0.001  
     Location x Community x Sample type 4 5812  1.29   0.197  
     Error 36 119720    
 Pairwise test ‘Sample type x Community’  t p  
      Within Mangrove Forest      
  Seed bank vs Standing vegetation 2.49   0.101  
      Within Saltmarsh     
  Seed bank vs Standing vegetation 7.62   0.066  
      Within Swamp-Oak Forest      
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Figure 17 Non-metric multidimensional scaling (nMDS) ordination of a. total species and b. native species only 
presence/absence in the standing vegetation and the seed bank (n=27) by community type: mangrove forest, saltmarsh and 
Swamp-Oak forest (n=18). Points closer together indicate more similar species assemblages based on the Bray-Curtis 













Differences between the seed bank and standing vegetation in mangrove forests were mainly 
attributable to the absence of mangrove species Avicennia marina and Aegiceras corniculatum from the 
seed bank, collectively accounting for nearly 25% of the cumulative contributions to dissimilarity 
(SIMPER: Table 12). Two alien species, Conyza bonariensis and Senecio madagascariensis, found only in 
the seed bank also contributed considerably (33%) to this dissimilarity. This partly explains how the 
removal of alien species from pairwise analyses weakened the distinction between the seed bank and 
the standing vegetation at the individual community level (Table 12).  
 
In saltmarsh communities the only alien species contributing to differences in assemblages between 
the seed bank and standing vegetation in the top 50% of contributions was Sonchus oleraceus, which 
was absent from the above ground vegetation (SIMPER: Table 13). As with the mangrove forest 
community, the absence of A. marina from the seed bank had a large contribution to the dissimilarity 
between the seed bank and standing vegetation in saltmarsh (Table 13). Interestingly, the perennial 
wetland grass Typha orientalis was present at a high proportion saltmarsh sites in the seed bank but 
was absent from the standing vegetation (Table 13).  
 
In swamp-oak forest communities there were many more species accounting for the dissimilarity 
between the seed bank and standing vegetation (SIMPER: Table 14). Eight weed species were present 
in the top 50% of contributors and accounted for 16% of dissimilarity overall. Species diagnostic of 
swamp-oak forests, Casuarina glauca, Cynodon dactyton and Myoporum acuminatum, were all present in 
both the seed bank and standing vegetation, yet were more likely to occur in the seed bank (Table 
14).  
 
Table 12 Summary of SIMPER analysis displaying the cumulative species contributions, native and alien (up to 50%) to the 
average dissimilarity between the assemblages of the seed bank and standing vegetation in mangrove forests based on 




















Avicennia marina Native 0.00 1.00 11.43 3.95 14.92 14.92 
Conyza bonariensis Alien 0.78 0.00 8.78 1.60 11.46 26.38 
Aegiceras corniculatum Native 0.00 0.67 7.65 1.29 9.98 36.36 
Sarcocornia quinqueflora Native 0.56 0.44 5.88 0.95 7.67 44.04 




Table 13 Summary of SIMPER analysis displaying the cumulative species contributions, native and alien (up to 50%) to the 
average dissimilarity between the assemblages of the seed bank and standing vegetation in saltmarsh, based on 
presence/absence data. For average likelihood of occurrence 0 = not present and 1 = present in 100% of sites.  
 
Table 14 Summary of SIMPER analysis displaying the cumulative species contributions, native and alien (up to 50%) to the 
average dissimilarity between the assemblages of the seed bank and standing vegetation in swamp-oak forest, based on 



















(%) Seed bank 
Standing 
Vegetation 
Avicennia marina Native 0.00 0.89    7.49    2.44    13.24 13.24 
Typha orientalis Native 0.67 0.00    5.42    1.35     9.59 22.84 
Juncus kraussii Native 0.78 0.56    4.10    0.91     7.25 30.09 
Suaeda australis Native 0.33 0.22    3.23    0.80     5.70 35.79 
Samolus repens Native 1.00 0.67    3.22    0.69     5.70 41.49 
Triglochin striata Native 0.33 0.22    3.18    0.81     5.63 47.12 
Sonchus oleraceus Alien 0.33 0.00    2.90    0.69     5.12 52.24 
Species Native/Alien 









(%) Seed bank 
Standing 
Vegetation 
Conyza bonariensis Alien 0.78 0.00 2.96 1.55 3.80 3.80 
Lobelia anceps Native 0.67 0.00 2.67 1.25 3.44 7.24 
Asparagus aethiopicus Alien 0.00 0.67 2.53 1.23 3.25 10.49 
Cynodon dactylon Native 0.11 0.78 2.46 1.36 3.17 13.66 
Solanum nigrum Alien 0.56 0.11 1.95 1.00 2.51 16.16 
Casuarina glauca Native 0.56 1.00 1.91 0.84 2.45 18.62 
Sporobolus virginicus Native 0.56 0.78 1.83 0.85 2.35 20.97 
Tetragonia tetragonioides Native 0.56 0.67 1.81 0.92 2.33 23.29 
Samolus repens Native 0.56 0.44 1.80 0.92 2.32 25.61 
Stenotaphrum secundatum Alien 0.00 0.44 1.73 0.81 2.23 27.84 
Typha orientalis Native 0.56 0.00 1.73 1.05 2.22 30.06 
Sarcocornia quinqueflora Native 0.67 0.67 1.63 0.82 2.10 32.16 
Centaurium erythraea Alien 0.44 0.00 1.57 0.81 2.03 34.19 
Commelina cyanea Native 0.11 0.44 1.50 0.84 1.93 36.12 
Senecio madagascariensis Alien 0.44 0.11 1.45 0.86 1.86 37.99 
Chenopodium album Alien 0.44 0.00 1.42 0.84 1.83 39.81 
Myoporum acuminatum Native 0.33 0.22 1.30 0.78 1.67 41.48 
Suaeda australis Native 0.33 0.22 1.29 0.79 1.66 43.15 
Rhagodia candolleana Native 0.11 0.33 1.25 0.73 1.61 44.76 
Sonchus oleraceus Alien 0.33 0.11 1.19 0.72 1.54 46.29 
Dendrobium teretifolium Native 0.00 0.33 1.08 0.66 1.39 47.68 
Bolboschoenus spp. Native 0.33 0.00 1.03 0.66 1.33 49.01 




3.2 Variation in seed bank across saltmarsh microsites 
3.2.1 Seed density and richness of key species  
A total of 6297 germinants from 28 species were detected across saltmarsh microsites: areas 
dominated by J. kraussii, S. virginicus, S. quinqueflora and mud. Nineteen species were native (68%) and 
9 were alien (32%), but alien species accounted for only 0.2% of the total number of emerged 
seedlings.  
 
Overall, patterns of seed density reflected changes in the dominant vegetation types (Table 15, Fig. 
18). When all germinants were considered, variation in density of seeds amongst microsites was 
dependent on the location sampled (see microsite x location interaction term: Table 15, Fig. 18a). At 
Minnamurra and Towra Point areas dominated by Juncus had significantly more germinants than 
other microsites.  In contrast, at Jervis Bay all microsites had similar seed densities, with the 
exception of mud microsites, which had lower densities (Table 15, Fig, 18).  
 
For each of the single species tested, seed density varied amongst microsite type and some amongst 
locations (Table 15). However, only one species, J. kraussii, had significantly higher densities in Juncus-
dominated microsites than in each of the other microsites (Table 15, Fig 18b). Moreover, there was 
a trend for S. virginicus and S. Sporobolus to be most abundant in microsites dominated by each 
respective species (Fig 18 c, d). However, despite these trends densities of S. virginicus and S. 
quinqueflora in the seed bank were very small compared to J. kraussii (see Fig 18).  
 
Species richness also varied significantly with changes in the dominant vegetation type and this was 
the case regardless of the location sampled (Table 15, Fig. 19). Seed banks in Juncus microsites had 
consistently the greatest number of species, whereas mud microsites with no standing vegetation 
were the most species poor (Table 15, Fig. 19). Locations varied in number of species overall with 













Table 15 Results of two-factor mixed model ANOVA’s of density and species richness of germinants from the soil seed 
banks in Juncus (JU), Sporobolus (SP), Sarcocornia (SA) and mud (MU) microsites at three locations: Jervis Bay (JB), 
Minnamurra River (MR) and Towra Point (TP). Bold values indicate significant effects. Posteriori Tukeys Honestly 
Significant Difference (HSD) tests used determine how treatment means varied within significant factors. 
Response variable 
        Predictor variable df SS F p r
2 Tukeys HSD 
Density of all germinants       
     Model 11 179.90 9.587 <0.0001 0.305  
     Microsite 3 98.65 5.734 0.0339   
     Location 2 46.84 13.730 <0.0001   
     Microsite x Location 6 34.41 34.407 0.0034 JB: (SP = JU = SA) ≠ MU  
     MR: (SP = SA = MU) ≠ JU 
     TP: (SP = SA = MU) ≠ JU 
     Error 240 409.43     
       
Species richness        
     Model 11 15.75 6.287 <0.0001 0.224  
     Microsite 3 7.65 8.850 0.0127  (SP = (JU ≠ SA)) ≠ MU 
     Location 2 6.37 13.991 <0.0001  (JB = TP) ≠ MR 
     Microsite x Location 6 1.73 1.265 0.2743   
     Error 240 54.65     
       
Density of Juncus kraussii       
     Model 11 149.69 9.123 <0.0001   
     Microsite 3 73.37 11.015 0.0075  (MU = (SP ≠ SA)) ≠ JU 
     Location 2 62.99 21.115 <0.0001  (TP = JB) ≠ MR 
     Microsite x Location 6 13.32 1.489 0.1827   
     Error 240 358.00     
       
Density of Sporobolus virginicus       
     Model 11 9.30 3.528 0.0001 0.139  
     Microsite 3 2.99 1.447 0.3197   
     Location 2 2.17 4.540 0.0116   
     Microsite x Location 6 4.13 2.875 0.0101  JB: JU = SP = SA = MU 
      MR: SP = SA = (JU ≠ MU) 
      TP: JU = (SP ≠ (SA = MU)) 
     Error 240      
       
Density of Sarcocornia quinqueflora       
     Model 11 3.48 2.044 0.0252 0.086  
     Microsite 3 1.41 2.232 0.1851   
     Location 2 0.80 2.599 0.0764   
     Microsite x Location 6 1.26 1.3615 0.2309   










































































































































a. All species! b. J. kraussii!
c. S. quinqueflora! d. S. virginicus!
 
Figure 18 Mean (±SE) density of seeds a. all species, b. J. kraussii, c. S. quinqueflora and d. S virginicus amongst microsite type: 
Mud, Sporobolus. Sarcocornia and Juncus (n = 21) and by location: Jervis Bay, Minnamurra River and Towra Point (n = 21). 

























Figure 19 Mean (+SE) total species richness emerging from the soil seed bank across four microsites: Mud, Sporobolus. 
Sarcocornia and Juncus (n = 21) at three locations: Jervis Bay, Minnamurra River and Towra Point (n = 21). Letters denote 
significant differences in seed bank species richness amongst microsites, determined by two-way ANOVA and Tukeys HSD 






















3.2.2 Composition of the seed bank among microsites  
Seed bank species assemblages (based on germinant abundance) varied significantly amongst 
microsites, although some of these differences were dependent upon location (PERMANOVA: Table 
16). However, regardless of the location sampled Juncus microsites were compositionally distinct 
from both mud and Sarcocornia microsites (Table 16). Of individual locations, Towra Point had the 
strongest compositional differences between microsite types with all having significantly different 
compositions to one another with the exception of Sporobolus and Mud (Table 16).  
In contrast, at Jervis Bay Mud and Sporobolus patches were significantly different to one another in 
composition (Table 16). 
 
Table 16 Results of PERMANOVA models of species assemblages based abundance data versus microsite type (Mud, 
Sporobolus, Sarcocornia, Juncus) and location (Jervis Bay, Minnamurra River, Towra Point). Bold indicate significant effects. 
Parentheses in response variable indicate transformation of data.  
Response variable 
        Source of variation df SS Pseudo-F p 
Figure 
reference 
Assemblage of species in seed bank (untransformed)      
     Location 2 45036 7.40 0.001  
     Microsite 3 50457 3.18 0.003  
     Location x Microsite 6 31971 1.75 0.004 Fig. 20 
     Error 204 620520    
      
 Pairwise test ‘Location x Microsite’   t p  
 Within Minnamurra River    
  Mud vs. Sporobolus 1.18 0.207  
  Mud vs. Sarcocornia 1.43 0.053  
  Mud vs. Juncus 1.65 0.014  
  Sporobolus vs. Sarcocornia 1.28 0.117  
  Sporobolus vs. Juncus 1.35 0.099  
  Sarcocornia vs. Juncus 2.28 0.001  
 Within Towra Point    
  Mud vs. Sporobolus 1.02 0.403  
  Mud vs. Sarcocornia 1.50 0.031  
  Mud vs. Juncus 2.25 0.001  
  Sporobolus vs. Sarcocornia 1.74 0.013  
  Sporobolus vs. Juncus 2.20 0.001  
  Sarcocornia vs. Juncus 3.05 0.001  
 Within Jervis Bay    
  Mud vs. Sporobolus 1.71 0.018  
  Mud vs. Sarcocornia 1.43 0.080  
  Mud vs. Juncus 1.57 0.030  
  Sporobolus vs. Sarcocornia 1.46 0.078  
  Sporobolus vs. Juncus 1.12 0.265  










3.2.3 Species contributing to differences in microsite seed bank composition 
Regardless of location, significant differences composition between microsite types were primarily 
driven by dissimilarities in the abundance of J. kraussii and S. repens and not necessarily the species 
diagnostic of the parent microsite being assessed (Table 17, 18, 19). For example, at Minnamurra 
River, differences in species assemblages (abundance) between Sarcocornia and Juncus microsites 
were mediated by J. kraussii accounting for over 60% of the dissimilarity between microsites and 
being 20 times more abundant in Juncus microsites than Sarcocornia sites, whilst the species S. 
quinqueflora did not even register in SIMPER analyses as a contributor to differences (Table 17). 
Regardless of significance or whether it was the biggest contributor to dissimilarity J. kraussii was 
more abundant in Juncus microsites in all cross microsite comparisons at all locations (Table 17, 18, 
19).  
 
Overall, microsite effects for seed bank species assemblages were highly localised and differences 
between microsites were predominately due to variances in the dominance of a small number of 
species (J. kraussii and S. repens) as can be discerned from the nMDS plots for abundance data which 
displays majority of samples clustered tightly together (Fig. 20). The points that lay outside the 
cluster in the MDS are likely samples with low densities of S. repens, J. kraussii and other dominant 
species (Fig. 20).  
 
Table 17 SIMPER analysis summary showing the cumulative contributions (up to 90%) of species to the average dissimilarity 
between microsite type (Mud, Sporobolus, Sarcocornia and Juncus) for the location Minnamurra River. *Values are mean 

















(%) Mud Juncus 
Juncus kraussii 27.11 69.60 53.06 1.72 66.87 66.87 
Samolus repens 0.89 9.85 17.88 0.85 22.53 89.40 
Triglochin striata 1.74 1.75 3.93 0.74 4.95 94.35 
       
 Sarcocornia Juncus     
Juncus kraussii 3.48 69.60 48.47 1.44 60.99 60.99 
Samolus repens 9.14 9.85 20.38 0.94 25.64 86.63 




Table 18 SIMPER analysis summary showing the cumulative contributions (up to 90%) of species to the average dissimilarity 
between microsite type (Mud, Sporobolus, Sarcocornia and Juncus) for the location Towra Point. *Values are mean 
number of germinants per soil core. All species in table are native.  
 
 
Table 19 SIMPER analysis summary showing the cumulative contributions (up to 90%) of species to the average dissimilarity 
between microsite type (Mud, Sporobolus, Sarcocornia and Juncus) for the location Jervis Bay. *Values are mean number of 
germinants per soil core. All species in table are native.  
 
Species 








(%) Mud Sarcocornia 
Samolus repens 8.75 0.54 31.44 1.02 37.82 37.82 
Juncus kraussii 1.83 1.31 16.47 0.83 19.81 57.63 
Triglochin striata 3.75 0.85 15.05 0.95 18.10 75.74 
Sarcocornia quinqueflora 0.42 0.69 9.16 0.60 11.02 86.76 
Sporobolus virginicus 0.33 0.54 5.29 0.57 6.36 93.12 
       
 Sporobolus Sarcocornia     
Samolus repens 17.46 0.54 32.16 1.13 38.32 38.32 
Juncus kraussii 9.00 1.31 22.35 1.03 26.64 64.96 
Sporobolus virginicus 2.85 0.54 11.34 0.81 13.51 78.47 
Sarcocornia quinqueflora 1.38 0.69 9.52 0.65 11.35 89.82 
Triglochin striata 2.08 0.85 7.84 0.73 9.34 99.16 
       
 Mud Juncus     
Juncus kraussii 1.83 12.95 35.45 1.29 42.17 42.17 
Samolus repens 8.75 19.81 30.41 1.06 36.17 78.34 
Triglochin striata 3.75 2.05 8.95 0.78 10.64 88.98 
Sarcocornia quinqueflora 0.42 0.43 3.16 0.39 3.76 92.74 
       
 Sporobolus Juncus     
Juncus kraussii 9.00 12.95 36.39 1.19 44.21 44.21 
Samolus repens 17.46 19.81 30.69 1.09 37.28 81.50 
Sporobolus virginicus 2.85 0.71 5.79 0.58 7.04 88.53 
Triglochin striata 2.08 2.05 4.10 0.81 4.98 93.51 
       
 Sarcocornia Juncus     
Juncus kraussii 1.31 12.95 47.26 1.63 54.58 54.58 
Samolus repens 0.54 19.81 21.16 0.75 24.44 79.02 
Triglochin striata 0.85 2.05 5.90 0.72 6.82 85.84 
Sarcocornia quinqueflora 0.69 0.43 5.60 0.48 6.47 92.31 
Species 








(%) Mud Sporobolus 
Samolus repens 7.87 28.00 60.58 1.95 76.15 76.15 
Juncus kraussii 0.40 1.86 13.38 0.68 16.82 92.96 
       
 Mud Juncus     
Samolus repens 7.87 12.05 49.20 1.55 61.08 61.08 
Juncus kraussii 0.40 3.10 24.00 0.91 29.79 90.87 
       
 Sarcocornia Juncus     
Samolus repens 8.90 12.05 46.49 1.59 64.76 64.76 
Juncus kraussii 0.29 3.10 17.44 0.84 24.29 89.05 




































Figure 20 Non-metric multidimensional scaling ordination (nMDS) of the abundance of species emerging from the seed 
bank, by microsite type: mud, Sporobolus, Sarcocornia, Juncus (n=63) and location: Minnamurra River, Towra Point and Jervis 

























3.3 Depth distribution of seed within the estuarine vegetation complex 
3.3.1 Patterns of density and richness with soil depth 
Seeds were present at all soil depths regardless of vegetation type or location. The density of seeds 
varied significantly with depth (Table 20), and 41% of seeds were present in the uppermost layer, 
21% in the second and 17% in the deepest layer. Nevertheless, patterns of depth stratification were 
variable amongst vegetation communities and locations (Table 20, Fig. 21).  
 
Two of the vegetation types, swamp-oak forest and Sporobolus microsites, had uniform distributions 
of seeds across depths, and these relationships were consistent across locations (Table 20, Fig. 21). 
Strikingly, there was a significant increase in seed density with increasing depth in saltmarsh 
dominated by Juncus at Jervis Bay, whilst the opposite trend was observed in such Juncus patches at 
Minnamurra (Fig. 21). In saltmarsh patches dominated by Sarcocornia, seed density declined with 


























Table 20 Results of 3-factor mixed model ANOVA of species density and richness in germinants emerging from the soil 
seed banks by soil depth: 0-1 cm (A), 1-2 cm (B), 3-5 cm (C), community type: Swamp-Oak Forest, Juncus, Sporobolus, 
Sarcocornia, and location: Jervis Bay, Minnamurra River, Towra Point. Bold values indicate significant effects. Posteriori 
Tukey's Honestly Significant Difference (HSD) tests were run to determine how treatment means within significant factors 
varied. 
Response variable 
        Predictor variable df SS F p r
2 Tukey’s HSD 
Density of seeds in soil seed bank        
     Model 23 98.91 9.605 <0.0001 0.605  
     Location 1 31.09 69.451 <0.0001   
     Vegetation type 3 28.22 3.456 0.1678   
     Depth 2 0.99 0.210 0.8266   
     Vegetation type x Location 3 8.16 6.075 0.0006   
     Vegetation type x Depth 6 9.65 3.592 0.0024   
     Location x Depth 2 4.72 5.276 0.0061   
     Location x Depth x Vegetation type 6 16.07 5.982 <0.0001  Jervis Bay: 
      Swamp-oak  A = B = C 
      Juncus (A = B) < C 
      Sporobolus A = B = C 
      Sarcocornia (A = B) > C 
     Minnamurra River: 
      Swamp-oak    A = B = C 
      Juncus (A = B) > (B = C) 
      Sporobolus A = B = C 
      Sarcocornia A = B = C 
     Error 144      
       
Richness of species in soil seed bank       
     Model 23 12.06 7.078 <0.0001 0.531  
     Location 1 3.53 47.570 <0.0001   
     Vegetation type 3 0.87 2.416 0.2438   
     Depth 2 5.71 163.14 0.0061   
     Vegetation type x Location 3 0.36 1.611 0.1895   
     Vegetation type x Depth 6 1.34 3.010 0.0084   Swamp-oak  (A = B) > (A = C) 
       Juncus (A = B) > (B = C) 
       Sporobolus (A = B) > C 
       Sarcocornia A > B > C 
     Location x Depth 2 0.035 0.235 0.7913    
     Location x Depth x Vegetation type 6 0.23 0.508 0.8016   
     Error 144 10.67     






















































A" AA A" BAB" A" AA A" AA
Swamp,oak"
 
Figure 21 Mean (±SE) differences in germinant seed density with soil depth: 0-1cm, 1-2cm, 2-5cm (n = 7) in three 
vegetation types: Swamp-Oak Forest, Juncus, Sporobolus, Sarcocornia (n = 21) at two locations; Jervis Bay (Plate a) and 
Minnamurra River (Plate b). Letters denote significant differences in seed density between soil depth within vegetation 
types determined by three-way analysis of variance (ANOVA). The 2-5 cm layer was standardised to 1cm equivalent 














Species richness was greatest in the top two layers of soil and substantially declined in the bottom 
layer (Table 20, Fig. 22). In contrast to patterns of seed density, the depth stratification for species 
richness was observed regardless of location sampled (Table 20, Fig. 22). Amongst all vegetation 
types there was a significant reduction in the number of species with depth, with (on average) twice 
the number of species detected within the top 1 - 2 cm of cores than within soil strata greater than 
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Figure 22 Mean (+SE) total species richness emerging from the soil seed bank with soil depth: 0-1cm, 1-2cm, 2-5cm (n = 7), 
across three vegetation types: Swamp-Oak Forest, Juncus, Sporobolus, Sarcocornia (n = 21). Letters denote significant 
differences in species richness with soil depth within vegetation types determined by three-way analysis of variance 













Chapter 4: Discussion 
 
4.1 Key findings 
This study revealed that there is a diverse and abundant seed bank across the estuarine vegetation 
complex on the southern coast of New South Wales, Australia. Seedlings emerging from the soil 
seed bank were predominately species native to the region, but a surprising number of alien species 
were present also. Overall, the seed bank was dominated by species characteristic of saltmarsh 
vegetation, with two species, J. kraussii and S. repens, accounting for 75% of germinated seeds. 
Perhaps unsurprisingly, mangrove communities lacked a substantial seed bank, with the smallest 
density of seeds and the fewest species across communities. In contrast, saltmarsh and swamp-oak 
forest communities had substantial stores of seeds and diverse seed bank assemblages. Although 
saltmarsh had the greatest density of seedlings emerge from the seed bank, swamp-oak communities 
were by far the most species rich. In general, these patterns of seed bank diversity and abundance 
amongst communities were consistent regardless of the location sampled on the coast. 
 
Each vegetation community had a distinct seed bank assemblage with between-community 
compositional differences being driven mostly by each community possessing a unique set of species, 
with many being quite common within one, but rare or absent in others (e.g. Tetragonia tetragonioides 
in swamp-oak forest). Moreover, within saltmarsh, fine-scale spatial variation in dominant above 
ground vegetation (i.e. microsites) reflected variation in the density of the seeds in the seed bank, 
indicating that the seed bank is also structured around distinct microsites. However, such variation 
in seed density between microsites was primarily driven by J. kraussii and S. repens, and not 
necessarily the dominant species of the particular microsite.   
 
In each community the seed bank had greater species richness than the standing vegetation, although 
the vast majority of species present in the seed bank had very low seed densities. Indeed, the seed 
bank was incredibly diverse yet numerically dominated by relatively few species, and these were 
largely the dominant species characteristic of vegetation communities across the estuarine landscape, 
and particularly the saltmarsh. This indicates that dispersal is dynamic, with seeds transported to and 
amongst communities, but that seeds may not germinate or survive after emergence, suggesting 
communities may be sinks for many species of seed, particularly in relatively harsh mangrove and 
saltmarsh communities.  
 
In all vegetation types and at all locations, seeds were present at depths up to 5cm, displaying that a 




bank had the greatest density and richness of seeds in the upper layers. However, there was 
variation in the patterns of density between some vegetation types and locations suggesting localised 
factors may influence how seeds become incorporated at depth. Species richness showed a more 
consistent pattern with depth, being twice as low in the deepest layer relative to the upper layers 



































4.2 Patterns of seed density across the estuarine gradient 
4.2.1 Summary of findings 
Each of the three vegetation communities across the estuarine gradient had clear differences in the 
densities of seeds present in their respective soil seed banks. Saltmarsh and swamp-oak communities 
had dense seed banks, whilst mangrove forests had very low densities of seed present in the soil. 
This finding concurs with the limited number of studies that examined changes in the seed bank 
across adjacent communities, (e.g. Maranon and Bartolome 1989; Schnieder and Sharitz 1987) who 
also identified densities of seeds differed with community type. Differences in the density of seeds 
between communities were predominately driven by fluctuations in a small number of saltmarsh 
species, namely J. kraussii and S. repens. Numerical dominance of a few species has been found in 
nearly all saltmarsh seed bank studies conducted overseas (see table 1). In fact, many of these studies 
found single species to account for over 70% of emergent seedlings (e.g. Morzaria-Luna and Zedler 
2007; Jerling 1983; Egan and Ungar 2000; Hopkins and Parker 1984; Hartman 1988), displaying a 
much stronger trend of seed bank dominance than observed in this study system. 
 
4.2.2 Mangrove Forest 
There was no substantial seed bank present in the mangrove forest at any location, with seedling 
densities being 17 times lower than in the adjacent saltmarsh. This result supports the findings of 
Harun-or-Rashid et al. (2009), the only others to examine mangrove seed banks, who found 
mangrove forests in Bangladesh to have low density seed banks. The relative lack of a seed bank in 
this study is likely due to a combination of factors, related both to the biology of plant species and 
environmental conditions that result in the lack of an understorey in mangroves in temperate 
regions (Janzen 1985). For example, in NSW, there is low species diversity in the above ground 
vegetation of mangrove forests to contribute to the seed bank, with only two species of mangrove 
trees in southern NSW (Lear and Turner 1977). Furthermore, both of these species have 
recalcitrant, buoyant seeds that are dispersed hydrochorously and are not amenable to long-term 
storage (Farnsworth 2000; Tomlinson 1994) meaning that any seeds that are present in the soil of 
mangrove forests would have to have been transported from elsewhere. In the case of this system, a 
prolific seed supply was shown to be present in the adjacent saltmarsh, yet despite this, the 
mangrove communities were seed poor suggesting that mechanisms exist to inhibit the 
incorporation of seeds into the soil even if they are transported there. One environmental factor 
that may account for this is tidal influence, a distinguishing factor for the above ground vegetation 
across the estuarine vegetation complex that diminishes greatly from mangroves, which are flushed 
by tides daily, to swamp-oak which is rarely inundated. The frequent movement of water in 




shown to be the case in a Swedish wetland by Grandin (2001). Similarly, higher rates of water 
inundation have been shown to relate to lower numbers of seeds in soil in other fresh water 
wetland seed bank studies (Pederson 1981; Poiani and Johnson 1989). 
 
4.2.3 Saltmarsh 
Saltmarsh had the highest density of seeds of all communities, being on average twice as dense as soil 
from the swamp-oak forest (although this difference was not statistically significant due to 
considerable variability in density across saltmarsh sites). Overall, the four most abundant species in 
the seed bank, J. kraussii, S. repens, S. virginicus and S. quinqueflora, were all diagnostic saltmarsh 
species. This indicates that the saltmarsh seed bank is being sufficiently replenished by the above 
ground vegetation and that the seed bank plays an important role in maintaining the characteristic 
structure and diversity of this community. 
 
The density of seeds found in the saltmarsh in this study were similar to those detected in many 
other saltmarsh seed bank studies (e.g. Baldwin et al. 1996; Hutchings and Russell 1989; Morzaria-
Luna and Zedler 2007), who all found seeds in densities ranging from 1000 to 5000 seeds/m2, 
comparable to our finding of about 4000 seeds/m2. Despite this, there was a high level of variation in 
seed bank density between saltmarsh sites compared to small variation in density among sites in 
mangrove and swamp-oak communities, suggesting that the patterns of seed density within saltmarsh 
are less uniform. Such variation has been observed in other saltmarsh seed bank studies such as 
Jerling (1983) who suggested that the accumulation of seeds in depressions and around vegetation 
clumps might create such a pattern. Indeed, my examination of the seed bank at the microsite scale 
revealed that the density of the seed bank in saltmarsh was far from uniform.   
 
At the microsite scale within the saltmarsh, the overall density of seeds between dominant patches 
of vegetation in the saltmarsh was highly variable, with areas dominated by Juncus having the greatest 
number of seeds, whilst areas with no vegetation (i.e. mud pans) had the lowest. Considering the 
seeds of single species only, J. kraussii consistently had higher densities in patches dominated by 
Juncus. Densities of S. virginicus and S. quinqueflora were generally more dense in microsites 
dominated by their own respective species, although, these trends were much weaker than those 
observed for J. kraussii within Juncus microsites. These results contrast to the findings of Egan and 
Ungar (2000) and Baldwin et al. (1996) who found seed densities to be uniform across vegetation 
microsites in marshes in north America and attributed the formation of dominant patches to post-
settlement responses to salinity. This contrast may have arisen as the marsh microsites investigated 
overseas exist as parallel zones of vegetation along clear salinity gradients (e.g. Egan and Ungar 




patches with no clear, linear, landward transition in dominant species. Despite this, my results do 
correlate with some insights from Smith and Kadlec’s (1983) comparison of dominant vegetation 
types in an inland marsh in Utah where some individual species, such as Scirpus acutus were found to 
have highest seed bank densities in areas dominated by S. acutus. Most interestingly, Smith and 
Kadlec (1983) also measured field germination within microsite patches and found that despite the 
dominance of some species in the seed bank experimentally, in the field majority of germinants 
within a vegetation type consisted of the species diagnostic to it. This may be an important insight 
into how less abundant species in the seed bank, such as S. quinqueflora and S. virginicus, dominate in 
patches of above ground vegetation despite large abundances of J. kraussii in the seed bank.  
 
The variations in density between the three saltmarsh species whose microsites were investigated (J. 
kraussii, S. virginicus, S. sporobolus), and also the density of S. repens, which too was abundant in the 
seed bank, may be party explained by the seed characteristics of each plant. Considering the 
characteristics of seeds that form large seed banks, Thompson and Grime (1979) concluded that the 
majority of abundant species in seed banks have seeds that are ‘exceedingly small’ and there is 
evidence from terrestrial systems to suggest that larger seeds generally decay at faster rates than 
small ones (Toole and Brown 1946; Thompson 1987). The qualities of the seed bank in this study 
mirror these trends as the two most abundant species in the seed bank in this study, J. kraussii and S. 
repens, produce small and numerous seeds, with seed biomass for each less than half that of S. 
virginicus and S. quinqueflora (Royal Botanical Gardens Kew 2014). Interestingly, a study examining 
salinity and waterlogging tolerances of seeds of estuarine plants of the Sydney region found that 
most saltmarsh species had some capability for buoyancy yet seeds of J. kraussii sank immediately on 
contact with water (Clarke and Hannon 1970), which is likely related to its higher seed biomass. 
While J. kraussii is also known to be wind dispersed, the lack of ability for seeds to float on water in 
a tidal ecosystem is likely to constrain the dispersal capability of the species and may largely explain 
why densities of J. kraussii were highest in Juncus microsites, close to parent plants. Conversely, S. 
virginicus and S. quinqueflora both have relatively buoyant seeds (Clarke and Hannon, 1970; Nelson 
1994), which may account for their more uniform dispersal amongst microsites.  
 
Additionally, the variations in density of key saltmarsh species may be further explained by their 
respective reproductive strategies. Sporobolus virginicus is known to rely primarily on vegetative 
reproduction (Laedsgarrd 2002; Green et al. 2009), which may account for lower densities in the 
seed bank. Indeed, others have found that dominant saltmarsh grass species, such as Spartina spp. in 
the USA, tend to lack seed banks when clonal growth is the primary reproductive strategy (Hopkins 
and Parker 1984; Hartman 1988). Whether Sarcornia quinqueflora relies predominantly on seed or 




restoration studies (Laedsgarrd 2002), and primarily from seed in others (Green et al. 2009). 
Despite this, S. quinqueflora is known to be a prolific producer of buoyant seeds that are resistant to 
desiccation and are dispersed by tides (Nelson 1994). Therefore, lower densities of S. quinqueflora in 
the seed bank overall, and weaker evidence for structuring around Sarcocornia microsites may relate 
to the effective dispersal and establishment of this species, and the buoyant nature of seeds which 
have less chance to be incorporated permanently into the soil.  
 
Overall, my results indicate that seed banks within saltmarsh communities are not spatially 
homogeneous, and that the non-random, patchy distribution of species across microsites in this 
community are reflected by similar distributions in the densities of seeds within the seed bank. It is 
unknown if such fine-scale variation in seed bank composition is driven by the structure of the 
standing vegetation, or whether the non-random distribution of the seed bank itself is the cause of 
the microsite configuration that is characteristic of the saltmarsh community. However, considering 
the complex interactions between salinity, micro topography and interspecific competition that are 
known to contribute to structuring the above ground vegetation in saltmarsh (Zedler et al. 1995), it 
is difficult to draw conclusions on the degree to which seed banks may too contribute to this 
complexity, especially when the seed bank was predominated by so few species. Overall, it seems 
that J. kraussii seeds may have a negative feedback loop of dominance with respective above ground 
vegetation in parent Juncus microsites, however, high densities of the seeds distributed across the 
rest of the marsh on the whole do not germinate. Conversely, in the case of S. virginicus and S. 
Sporobolus it seems more likely that post settlement processes determine which species will 
predominate a certain microsite due to their lower abundance in the seed bank but large dominance 
in the standing vegetation.  
 
4.2.4 Swamp-oak Forest 
Swamp-oak forests had a high density of seeds in the seed bank, comparable to densities found in 
saltmarsh communities. Unlike the saltmarsh communities however, there was little variation in the 
density of seeds in the swamp-oak forest amongst sites, which suggests that seeds are more evenly 
distributed in this community. The density of the seed bank in swamp-oak forests was comparable to 
the only other seed bank study done in this community (i.e. Gooden and French 2014), who found 
high densities of seeds in this community (2897 seeds/m2 comparable to 2209 seeds/m2 in this 
study).  
 
The large numbers of seeds present in the soil of swamp-oak forests sampled indicates that unlike 
mangrove communities, seed dispersed into swamp-oak areas have the capacity to be incorporated 




studied (Tozer et al. 2010) and are likely to have a larger proportion of seeds being transported into 
the community from the saltmarsh as well as nearby terrestrial communities (e.g. eucalypt and 
banksia woodlands). Indeed, the edaphic and environmental qualities of swamp-oak forests are also 
likely to be much more amenable to seed capture and storage, as the soil is aerated and the 
community is only occasionally inundated, meaning that removal of seeds by water movement is not 
as likely. Furthermore, the terrestrial position of community means that saline stresses are much 
lower in swamp-oak forests than the adjacent saltmarsh and mangrove communities, meaning that 
glycophyte seeds arriving into the area will be more likely to persist in the soil and not be made 































4.3 Patterns of seed richness and composition across the estuarine gradient 
4.3.1 Summary of findings  
Species richness differed significantly across communities, with swamp-oak forests having the 
greatest number of species. Overall, saltmarsh and mangroves had half the number of species as the 
swamp-oak forest. Additionally, compositional differences in the seed bank amongst communities 
were driven by the identities, more so than the densities of constituent species, indicating that 
despite the overwhelming dominance of two species (J. kraussii and S. repens) the seed bank was 
quite diverse. Within each community the seed bank was also much richer in species than the 
standing vegetation, aligning with the findings of several other studies in estuarine plant communities 
(e.g. Gooden and French 2014; Erkilla and Heli 1998; Maranon 1998; Wolters and Bakker 2002). 
Across the estuarine complex as a whole, the number of species declined in the seed bank in the 
same manner as species richness in the above ground vegetation, with the most species occurring in 
swamp-oak forests, then saltmarsh, and the least in the mangrove forest.  
 
 
4.3.2 Mangrove Forest 
As expected, mangrove forests had the fewest species of each of the three communities, and there 
was a lack of similarity between the seed bank and standing vegetation. In fact, species composition 
of the mangrove forest seed bank was more similar to the above ground vegetation of the adjacent 
saltmarsh community. This lack of correlation between the seed bank and standing vegetation is 
unsurprising, as mangrove propagules were not expected to form a substantial seed bank due to 
their recalcitrant nature, buoyant properties and hydrochorus mode of dispersal (Farnsworth 2000). 
The species that were present in the seed bank of mangroves were predominately saltmarsh species, 
indicating that the small seed bank that does exist in this community is a product of dispersal from 
adjacent areas. This finding concurs with those of Harun-or-Rashid et al (2009), who found that the 
seed bank of mangrove forest in Bangladesh reflected the above ground species composition of 
adjacent saltmarsh grasslands, consisting predominately of salt-tolerant grasses and not the 
characteristic mangrove species.  
 
The direct examination of mangrove soil samples after four months germination time revealed only 
three ungerminated seeds. Despite edaphic factors having been shown to influence viability of some 
species (see Pakeman et al. 2012), this result suggests that the low species richness and seed density 
found in the mangrove forest was an ecological reality and not due to edaphic conditions in 
mangroves inhibiting germination for particular species. Therefore, the overall lack of a seed bank in 




given the dominance of the above ground vegetation in temperate mangroves by only two species of 




Despite the large variability in the numbers of species found in saltmarsh seed banks, the numbers of 
species detected in the saltmarsh in this study were comparable to many saltmarsh seed bank 
studies overseas (e.g. Baldwin et al 1996; Erfanzadeh et al. 2010; Morzaria-luna and Zedler 2007; 
Wolters and Bakker 2002), yet some marshes reported much higher numbers of species (e.g. Erkilla 
and Heli 1998). Regardless of density, all species that were recorded in the above ground vegetation 
at saltmarsh sites were present within the seed bank. This finding concurs with Morzaria-Luna and 
Zedler (2007) who found that species dominant in the above ground vegetation were always present 
in the seed bank, even if at low densities. The representation of all key marsh species in the seed 
bank is encouraging as it may confer a higher chance of resilience to the saltmarsh post disturbance. 
A common issue in regeneration is proximity to extant vegetation as natural dispersal is often slow 
and unreliable between highly fragmented habitats (Bauer 1973; French et al. 2011). Considering the 
small area and disjointed nature of saltmarsh communities in NSW such dispersal issues are likely to 
be relevant in this system. For this reason, the presence of all key taxa in the seed bank is 
encouraging, as it may be a vital source of seed in light of large scale vegetation loss if extant plants 
are considerable distances away.  
 
Indeed, the differences between the standing vegetation and seed bank in saltmarsh were not caused 
by the absence of key species from the seed bank, but the addition of other species not common to 
the above ground vegetation, a pattern also observed by (Gooden and French 2014) in swamp-oak 
forest. For example, one of the key differentiators between the seed bank and standing vegetation in 
saltmarsh was Typha orientalis, a native perennial rush common to freshwater wetlands, which was 
present in the seed bank at a high proportion of saltmarsh sites but was absent from the above 
ground community.  The lack of T. orientalis in the above ground vegetation is likely due to the 
species’ low tolerance to salinity (Zedler et al. 1990). However, experimental tests of competition 
between T. orientalis and J. kraussii by Zedler et al. (1990) revealed that T. orientalis would likely have 
a competitive advantage over J. kraussii at lower salinities, which has management consequences if 
any future disturbances involve a freshening of the marsh (Laegdsgaard et al. 2009; Zedler et al. 
1990). For example, in Western Australia large areas of J. kraussii have been competitively replaced 







Of the plant communities studied, species richness was by far the greatest in the swamp-oak forest, 
having over twice the number of species present in the saltmarsh or mangrove forest. 
Comparatively, species richness was lower than those found by Gooden and French (2014) who 
detected 142 species (native and alien) versus 73 species in this study, in swamp oak communities on 
the southern coast of NSW. While lower numbers of species may be due to sampling effort, the 
proportions of alien species detected in the swamp-oak forest were similar: this study 36%, relative 
to 28% (Gooden and French 2014).  
 
The swamp-oak forest differed considerably from saltmarsh and mangrove forests, not only in the 
overall richness of species but also the composition of the species present. While mangroves and 
saltmarsh communities were characterised mostly by saltmarsh species with some aliens present, 
swamp-oak forests had a diverse assemblage ranging from species diagnostic of the community (e.g. 
Casuarina glauca, Tetragonia tetragoniodes), saltmarsh species (e.g S. virginicus, S. sporobolus), alien 
species (e.g. Centaurium erythraea) and terrestrial species native to Australia but common to other 
terrestrial communities. As the seed bank and standing vegetation were shown to be distinct, the 
diversity of seeds within the swamp-oak forest cannot be attributed purely to the greater species 
richness of the above ground vegetation relative to mangrove and saltmarsh communities. Gooden 
and French (2014) found many of the species in the seed bank of swamp-oak forest were graminoids 
and herbs with long distance dispersal mechanisms that were often absent from the standing 
vegetation. While dispersal mechanisms were not determined in this study, it too was found that 
many species in the seed bank were absent from the standing vegetation, suggesting that they are 
transported into the area, potentially from long distances, but are unable to germinate and become 
established. Over multiple years, Gooden and French (2014) resurveyed the above ground 
vegetation at sites where soil was sampled to discern if species found to be unique to the seed bank 
emerged at later dates. They found that nearly no species found solely within the seed bank at the 
time of sampling emerged in subsequent years, suggesting that swamp-oak communities act as a long 












4.4 Alien species 
As described above, alien species accounted for a considerable proportion of the richness of species 
in the seed bank of all communities, accounting for 39% of species in total and being most likely to 
occur in swamp-oak forests. Overall however, alien species contributed only 5% to the density of 
the seed bank and did not drive the differences detected between communities.  
 
For saltmarsh communities, it is difficult to discern if the proportion of alien species observed in this 
study were comparable to others, as often the distinction between alien and native species was not 
clarified (e.g. Egan and Ungar 2000). However, alien species were found to be numerous in coastal 
marshes in California, accounting for 21% of seed density at some sites in one study (Morzaria-Luna 
and Zedler 2007), and being present in the seed bank but at low densities in another (Hopkins and 
Parker 1984). Both studies emphasised the importance of tides and associated wrack material in 
transporting alien species to a site (Hopkins and Parker 1984; Morzaria-Luna and Zedler 2007), 
although the mechanisms were not explicitly tested.  
 
In the case of saltmarsh and mangroves, the likelihood of most weed species seriously invading an 
area are low due to the harsh environmental conditions that present a severe physiological challenge 
to non-halophytic weed species (Adam 2009). This is reflected in the total absence of alien species 
from above ground vegetation in the mangrove and saltmarsh at our study locations. Despite this, 
the presence of weed species as ‘sleepers’ (Adam 2009) in the seed bank may be an issue in the 
future if disturbances in a given area alleviate the environmental conditions that maintain dormancy 
of such species. Perhaps of more concern, are introduced halophyte species which are capable of 
tolerating the harsh conditions in saltmarsh and are causing issue to communities in other parts of 
NSW, such as Juncus acutus, Baccharis halimifolia and Aster subulatus (Paul and Young 2006; Adam 
2009; Keith et al. 2007). Interestingly, Aster subulatus was present in the seed bank at both 
Minnamurra and Towra Point in some saltmarsh and mangrove samples, however only a few seeds 
were present and it was absent from the standing vegetation.  
 
In summary, despite low abundances the high proportion of alien species detected in the seed bank 
may have the potential to drive substantial changes to the standing vegetation if environmental 
conditions are severely altered and as such their presence at the locations studied should be 
monitored. Some of the alien species present in the seed bank have effective colonising abilities and 
potential disruption to the abiotic conditions in these communities could see a rapid transformation 





4.5 Depth distribution of seed within the estuarine vegetation complex 
Viable seeds were detected in the soil seed bank up to 5 cm deep in all vegetation communities 
assessed (swamp-oak forest as well as areas of saltmarsh dominated by Juncus, Sporobolus and 
Sarcocornia). This suggests that the seed bank is persistent and is retained within the soil for 
potentially many years. If the seed bank was transient and temporary, and only replenished annually, 
then the vast majority of seeds would most likely have been present within the superficial layers of 
soil (Bakker et al. 1996). The presence of seed at this depth aligns with findings in saltmarsh 
communities overseas, where viable seeds were found at depths down to 7 cm (Jerling 1983), 10 cm 
(Wolters and Bakker 2002), 15 cm (Erfanzadeh et al. 2010) and 20 cm (Riddin and Adams 2009). As 
evidenced by these studies, the persistence of seeds in saltmarsh at even greater depths than 5 cm 
suggests that seeds in temperate estuarine communities of Australia may be present at even greater 
depths than those examined in this study. Furthermore, the presence of a persistent seed bank at 
depth may be of importance for the stability of this community through time if future disturbances 
involve erosion or loss of surface sediment from the marsh.  
 
The density of seeds within the soil profile varied significantly with depth, but these patterns were 
dependent on both the type of vegetation and the location sampled, indicating that the mechanisms 
controlling the depth distribution of seeds may be localised. For some vegetation types, such as 
swamp-oak forest and microsites dominated by Sporobolus, seeds had an even distribution at all 
depths. This is similar to the findings of Riddin and Adams (2009) who also found seed density to be 
homogenous with depth in a South African saltmarsh. In contrast, seeds in saltmarsh microsites 
dominated by Juncus decreased with depth at Minnamurra River, but unexpectedly, increased with 
depth at Jervis Bay. Evidence for small-scale changes in density of seeds with depth between different 
vegetation types have been observed both terrestrially (Kellman 1978; McGraw 1987) and in 
saltmarsh specifically (Jerling 1983). In a saltmarsh in Sweden, Jerling (1983) found that the density of 
seeds was uniform with depth, with the exception of two vegetation types, which had the highest 
densities of seeds just below the surface, which was attributed to historical variations in seed set of 
some species between years. Given the fine scale variation in seed densities detected between 
different microsites in this study, it might be predicted that for specific species (such as J. kraussii), 
fluctuations in seed production between years could account for differences in seed depth 
distributions between vegetation types. Despite this, such conclusions cannot be explicitly stated as 
the identity of individual species in relation to soil depth distributions were not directly assessed in 





As older seeds need a greater amount of time to become incorporated in the soil, depth distribution 
is usually assumed to be a good indicator of seed longevity (Thompson 1993; Bekker et al. 1998). 
Despite this, seeds have been shown to have more homogenous distributions in terrestrial systems 
due to soil reworking processes such as bioturbation from earthworms (Forey et al. 2011). 
Furthermore, edaphic factors such as seeds accumulating in cracking of soil in dry seasons, as found 
in a wetland in Spain (Espinar 2005) can also disrupt the seed longevity-to-depth relationship. The 
homogenous distribution of seeds in some vegetation types (Eg. Swamp-oak, Sporobolus) could be 
taken as evidence of soil reworking such as bioturbation, in the saltmarsh system potentially from 
crabs, however, the consistent reduction in number of species with depth across vegetation types 
suggests otherwise.  
 
Species richness declined with depth in all vegetation types and at all locations with the deepest layer 
of soil containing on average half the number of species as the upper two centimetres of soil. In 
terrestrial systems, species richness has been shown to decline with depth due to varying 
persistence of individual species (Kjellsson 1992; Traba et al. 2004). While the longevity of halophyte 
seeds is generally poorly understood (Ungar 1995), some studies have classified species relative to 
their persistence in the soil and found considerable differences between different species (Wolters 
and Bakker 2002). From a management perspective, having the highest portion of species in the 
upper portion of soil may be beneficial to regeneration as seeds in this zone are most likely to 
receive and respond to germination cues such as light and oxygen than those deeper (Traba et al. 
2004). Overall, variations in the distribution of seeds with depth likely results from interplay 


















4.6 Differences between locations 
The composition of the seed bank amongst community types was consistent across locations in the 
estuarine landscape. The congruent relationships among communities at Jervis Bay, Minnamurra 
River and Towra Point suggests that comparable seed banks may be present in similar coastal areas 
across southern New South Wales. There were however, some differences between locations as a 
whole; for example, Towra Point had the fewest species, regardless of the exclusion of aliens and 
Minnamurra River had distinct species assemblages due to higher abundance of some species (T. 
striata and Cyperus spp.). In addition, all locations had similar numbers of weed species but tended to 
have different assemblages of weeds.  
 
Location and vegetation types did show some interrelationship at finer scales, however, with 
vegetation and location factors interacting for some saltmarsh microsite and depth analyses. Such 
variation between locations may be expected at such small scales, as the processes driving the 
differences in the seed bank at this level are highly localised. Indeed, how seeds become 
incorporated into, leave and persist within the soil, is determined by a host of factors such as seed 
rain, dispersal, predation, longevity and any factors controlling germination and recruitment (Leck et 
al.1989), and if these factors vary between different areas one would expect that the seed bank 





















4.7 Study constraints and future research 
This study represents a point in time assessment of the seed bank at the communities examined and 
how the seed bank may vary seasonally or from year to year is not known. Differences in the seed 
bank have been detected overseas both seasonally (Hopkins & Parker, 1984) and between years of 
lower and higher rainfall (Maranon, 1998). In Australia, temporal changes in the dominance of above 
ground vegetation in estuarine communities are well documented (e.g. Saintilan and Wilton 2001) 
and this may produce differences within the seed bank over time. Despite these limitations, seeds 
were found at similar densities across the three different experiments even though they were 
conducted at different times (community and microsite studies: March/April, depth stratification: 
June), indicating some seasonal persistence of the seed bank. However, in order to determine the 
true persistence of seeds through time future research should focus on the examination of both 
spatial and temporal aspects of the seed bank to discern if seed banks maintain a relatively constant 
composition despite seasonal and inter-annual fluctuations in rainfall, temperature and vegetation 
cover. 
 
Another temporal limitation to this study was the glasshouse germination period of four months for 
the community and microsite experiments, and three months for the depth stratification 
experiment. For depth stratification in particular, it would have been ideal for the experiment to run 
longer as some previous studies have shown that seeds buried at depth can take longer to germinate 
once given optimum conditions (Traba et al. 2004). Despite this, the majority of samples in the study 
as a whole had four months of germination time, and rates of seedling emergence tapered 
significantly after 2 months, which is comparable to most other estuarine studies (Egan and Ungar 
2000; Gooden and French 2014; Hartman 1988; Hopkins and Parker 1984; Wolters and Bakker 
2002).  
 
The seedling emergence method relies on favourable conditions for germination being created 
artificially within glasshouses to encourage the majority of seeds within the soil to germinate and be 
quantified. It is not intended to, and does not, mimic environmental field conditions, as seeds receive 
a reliable and constant amount of fresh water, soil is aerated and well drained, herbivores are 
excluded and the temperature is warmer. In the field, however, seeds in saltmarsh receive fresh 
water only periodically, soil is usually dense and low in oxygen, herbivores are present and 
temperature fluctuates with the season. As such, it is important to consider how the differences in 
these biotic and abiotic factors may impact the expression of the seed bank under field conditions in 
a natural state, and in field conditions post disturbance. From this, it is suggested that the most 




would be to compare natural germination rates in the field to those of soil samples in the glasshouse. 
Indeed, studies of marsh overseas have shown very different results between such comparisons 
(Smith and Kadlec 1983), and they may have implications in understanding how post-recruitment 
filters enable species such as S. quineflora and S. virginicus to dominate microsites despite high 



































4.8 Conclusions and management implications 
The aim of this study was to determine whether seed banks vary across adjacent and well-defined 
plant communities that are connected tidally. In conclusion, I found that seed banks were generally 
species-rich, dense and persistent across the coastal landscape, and were distinct within each 
community. Specifically, mangrove forests lacked a substantial seed bank, which reflects the 
characteristically low richness of this community’s standing vegetation. This may occur because daily 
tidal inundation is likely to prevent immigrant propagules from settling and becoming stored within 
the soil, even though many water-dispersed seeds are probably able to readily disperse to mangrove 
forests. Conversely, the saltmarsh and swamp-oak communities had dense, persistent seed banks 
that were significantly richer than the standing vegetation. This indicates that the characteristically 
low structural and species diversity of the saltmarsh and swamp-oak standing vegetation are driven 
by post-settlement recruitment limitation of seeds from the soil, rather than a limited supply of 
propagules to sites. Within the saltmarsh, the seed bank was also structured at very fine scales 
across single-species dominated microsites. 
 
From a management perspective, a key limitation to the reestablishment of vegetation following 
disturbances that damage the standing vegetation is the availability of propagules (Bauer 1973; 
French et al. 2011). A community with a species-poor and depauperate seed bank may thus have low 
rates of recovery and rely on external seed inputs to replenish the seed bank (Fourie 2008; French 
et al. 2011). This can be problematic for fragmented, endangered communities that are often distant 
from remnant populations and immigrant seed sources. Although mangrove forests, saltmarshes and 
swamp oak forests are highly fragmented and occur within extensively modified landscapes, my 
results have shown that the seed banks are rich, dense and persistent, and that the communities may 
be resilient to disturbance and may have the potential for in situ regeneration if the standing 
vegetation is damaged. However, it is unknown whether the seed bank would be capable of 
regeneration, as many seeds may be inhibited by disturbance, and it is also unknown whether the 
densities of seeds detected in this study are sufficiently high enough to allow effective plant 
recruitment at community scales. Future research should thus examine the role of this coastal seed 
bank in the recovery of endangered coastal communities following disturbances, and the potential 
processes that may limit this role. Indeed, given the existence of a rich seed bank, effective ecological 
restoration of damaged coastal forest and marsh may require augmentation of the germination 
environment to promote the in situ regeneration of resident propagules rather than active 
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Appendix 1: Seed bank species 
List of species detected in the seed bank across all locations and communities sorted alphabetically 
N = Native species, A = Alien species, U = Unknown species 
Species Type Species Type Species Type 
Acacia binervata N Juncus kraussii N Selliera radicans N 
Aegiceras corniculatum N Juncus spp. 1 N Senecio madagascariensis A 
Alternanthera denticulata N Juncus spp. 2 N Senecio spp.  A 
Anagallis arvensis A Juncus spp. 3 N Senecio spp. 2 A 
Apiaceae cylospermum N Lepidium spp. A Solanum nigrum A 
Apium prostratum N Leptinella longipes N Sonchus asper A 
Aster subulatus A Limonium australe N Sonchus oleraceus A 
Asteraceae spp.  A Lobelia anceps N Spergularia marina N 
Baumea juncea N Lolium spp. A Sporobolus virginicus N 
Bolboschoenus spp.  N Luzula spp. 1 N Suaeda australis N 
Bromus catharticus A Mimulus repens N Tetragonia tetragonioides N 
Carex appressa N Myoporum acuminatum N Triglochin spp.  N 
Casuarina glauca N Native grass 1 N Triglochin striata N 
Centaurium erythraea A Native grass 2 N Typha orientalis N 
Chamaesyce spp. N Native grass 3 N Unknown dicot U 
Chenopodium album A Pennisetum clandestinum A Unknown dicot 2 U 
Chenopodium spp.  N Pittosporum undulatum N Unknown dicot 3 U 
Cirsium vulgare A Plectranthus parviflorus N Unknown dicot 4 U 
Commelina cyanea N Poaceae unknown U   
Conyza bonariensis A Poaceae unknown 2 U   
Cotula australis N Poaceae unknown 3 U   
Cynodon dactylon N Poaceae unknown 4 U   
Cyperaceae spp.  N Poaceae unknown 5 U   
Cyperaceae spp.2 N Polygonum aviculare A   
Cyperus brevifolius A Polypogon lutosus A   
Cyperus polystachyos  N Portulaca oleracea A   
Cyperus spp. N Rhagodia candolleana N   
Daucus spp. N Rumex brownii N   
Einadia trigonos N Samolus repens N   
Eleusine indica A Sarcocornia quinqueflora N   
Ficinia nodosa N Selliera radicans N   
Ficus coronata  N Senecio madagascariensis A   
Gahnia filum N Senecio spp.  A   
Gamochaeta spp.  N Senecio spp. 2 A   
Goodenia ovata N Solanum nigrum A   
Hydrocotyle bonariensis N Sonchus asper A   
Isolepis habra N Sonchus oleraceus A   





Appendix 2: Permanova models with alien species excluded 
Results of PERMANOVA models of the variation in native species assemblages, aliens excluded, (using both abundance and 
presence/absence data) versus community type: mangroves, saltmarsh and swamp-oak forest, and location: Jervis Bay, 
Minnamurra River and Towra Point). Pairwise tests were done following significant PERMANOVA results. Bold indicate 
significant effects. Parentheses in response variable indicate transformation of data.  
Response variable 
        Source of variation df SS Pseudo-F p 
Assemblage of species in seed bank (presence/absence)     
     Location 2 6938.2 2.24 0.020 
     Community 2 11737.0 2.85 0.051 
     Location x Community 4 8248.0 1.33 0.157 
     Error 18 27867.0   
 
Pairwise test ‘Location’  t P 
 Minnamurra River vs Towra Point 1.77 0.013 
 Minnamurra River vs Jervis Bay 2.04 0.004 
 Towra Point vs Jervis Bay 0.33 0.966 
 Pairwise test ‘Community’  t P 
  Mangroves vs. Saltmarsh 1.45 0.358 
  Mangroves vs Swamp-Oak Forest 1.69 0.201 
  Saltmarsh vs Swamp-Oak Forest 2.06 0.103 
     
Assemblage of species in seed bank (abundance)     
     Location 2 9057.8 1.46 0.097 
     Community 2 18944.0 2.54 0.031 
     Location x Community  4 14908.0 1.20 0.212 
     Error 18 55798.0   
 Pairwise test ‘Community’  t P 
 Mangroves vs. Saltmarsh 1.96 0.096 
 Mangroves vs Swamp-Oak Forest 1.56 0.200 




















Appendix 3: Above ground vegetation surveys 
Surveys of above ground vegetation at each of three sites at each of three locations: Jervis Bay, Minnamurra River and 
Towra Point. % Cover refers to Braun-Blanquet cover abundance values according to the following scale: 1 <5% cover and 
one or a few individuals; 2, <5% cover and uncommon; 3, <5% cover and common; 4, <5% cover and very abundant; 5, 5–
20% cover; 6, 21–50% cover; 7, 51–75% cover; 8, 76–100% cover (Mason and French 2007, adapted from Poore 1955). 
i. Above ground vegetation surveys at Jervis Bay 
Location: Jervis Bay - Site: 1  
Swamp-Oak Saltmarsh Mangrove 
Species % Cover Species % Cover Species % Cover 
Casuarina glauca 6 Sporobolus virginicus 6 Avicennia marina 7 
Sarcocornia quinqueflora 4 Juncus kraussii 4 Sporobolus virginicus 3 
Suaeda australis 4 Sarcocornia quinqueflora 4 Juncus kraussii 2 
Tetragonia tetragonioides 3 Avicennia marina 4 Samolus repens 2 
Rhagodia candolleana 3 Samolus repens 4 Gahnia filum 2 
Plectranthus parviflorus 3     
Sporobolus virginicus 2     
Juncus kraussii 2     
Samolus repens 2     
Commelina cyanea 2     
Asparagus aethiopicus 2     
Apium prostratum 2     
Senecio madagascariensis 2     
Solanum prinophyllum 2     
Senecio diaschides 2     
Acacia longifolia 1     
Microlaena stipoides 1     
      
      
      Location: Jervis Bay - Site: 2 
Swamp-Oak Saltmarsh Mangrove 
Species % Cover Species % Cover Species % Cover 
Casuarina glauca 6 Sarcocornia quinqueflora 6 Avicennia marina 7 
Selliera radicans 3 Juncus kraussii 4 Sporobolus virginicus 3 
Sarcocornia quinqueflora 3 Sporobolus virginicus 4 Juncus kraussii 3 
Stenotaphrum secundatum 2 Avicennia marina 1   
Tetragonia tetragonioides 2     
Juncus kraussii 2     
Cynodon dactylon 2     
Ficinia nodosa 2     
Microlaena stipoides 2     
Plantago debilis 2     
Entolasia marginata 2     
Goodenia ovata 1     
Myoporum acuminatum 1     
Senecio pinnatifolius 1     
Commelina cyanea 1     






















      Loaction: Jervis Bay - Site: 3 
Swamp-Oak Saltmarsh Mangrove 
Species % Cover Species % Cover Species % Cover 
Casuarina glauca 6 Sarcocornia quinqueflora 7   
Juncus kraussii 4 Sporobolus virginicus 4 Avicennia marina 7 
Dendrobium teretifolium 3 Gahnia filum 4 Sporobolus virginicus 3 
Plectranthus parviflorus 3 Juncus kraussii 3 Samolus repens 2 
Selliera radicans 3 Samolus repens 3   
Ehrharta erecta 3 Avicennia marina 1   
Sporobolus virginicus 2     
Parsonsia straminea 2     
Sonchus oleraceus 2     
Senecio spp. purple 2     
Pratia purpurascens 2     
Microlaena stipoides 2     
Commelina cyanea 2     
Tetragonia tetragonioides 2     
Entolasia marginata 2     
Dichondra repens 2     
Cynodon dactylon 2     
Solanum nigrum 2     
Senna pendula 1     
Einadia trigonos 1     
Lantana camara 1     
Santalum obtusifolium 1     
























ii. Above ground vegetation surveys at Minnamurra River  
Loaction: Minnamurra River - Site: 1 
Swamp-Oak Forest Saltmarsh Mangrove Forest 
Species % Cover Species % Cover Species % Cover 
Casuarina glauca 7 Sporobolus virginicus 6 Avicennia marina 6 
Phragmites australis 5 Juncus kraussii 6 Aegiceras corniculatum 6 
Ehrharta erecta 4 Triglochin striata 4 Sporobolus virginicus 3 
Juncus kraussii 3 Sarcocornia quinqueflora 3 Juncus kraussii 3 
Samolus repens 3 Avicennia marina 2   
Tetragonia tetragonioides 2     
Cynodon dactylon 2     
Apium prostratum 2     
Asparagus aethiopicus 1     
Chrysanthemoides monilifera 1     
Zantedeschia aethiopica 1     
      
      
      Loaction: Minnamurra River - Site: 2 
Swamp-Oak Forest Saltmarsh Mangrove Forest 
Species % Cover Species % Cover Species % Cover 
Sporobolus virginicus 8 Sporobolus virginicus 6 Avicennia marina 8 
Casuarina glauca 7 Juncus kraussii 6 Aegiceras corniculatum 5 
Suaeda australis 4 Sarcocornia quinqueflora 5 Sporobolus virginicus 4 
Myoporum acuminatum 4 Triglochin striata 4   
Rhagodia candolleana 4 Suaeda australis 4   
Dendrobium teretifolium 4 Samolus repens 2   
Tetragonia tetragonioides 3     
Lagunaria patersonii 3     
Myoporum insulare 3     
Sarcocornia quinqueflora 2     
Asparagus aethiopicus 2     
Juncus kraussii 2     
Cynodon dactylon 2     
      
  
 
    
      Loaction: Minnamurra River - Site: 3 
Swamp-Oak Forest Saltmarsh Mangrove Forest 
Species % Cover Species % Cover Species % Cover 
Casuarina glauca 7 Sporobolus virginicus 8 Avicennia marina 7 
Sporobolus virginicus 6 Sarcocornia quinqueflora 5 Aegiceras corniculatum 6 
Dendrobium teretifolium 4 Avicennia marina 1 Sporobolus virginicus 3 
Rhagodia candolleana 4   Sarcocornia quinqueflora 3 
Tetragonia tetragonioides 3     
Lagunaria patersonii 3     
Cynodon dactylon 3     
Sarcocornia quinqueflora 2     
Asparagus aethiopicus 2     
Juncus kraussii 2     
Myoporum insulare 2     
Opuntia stricta  1     
Melaleuca styphelioides 1     










iii. Above ground vegetation surveys at Towra Point 
Location: Towra Point - Site: 1 
Swamp-Oak Saltmarsh Mangrove 
Species % Cover Species % Cover Species % Cover 
Casuarina glauca 7 Sarcocornia quinqueflora 7 Avicennia marina 7 
Juncus kraussii 6 Sporobolus virginicus 6 Aegiceras corniculatum 6 
Stenotaphrum secundatum 6 Avicennia marina 1 Sarcocornia quinqueflora 3 
Axonopus spp.  4 Samolus repens 1   
Cynodon dactylon 4     
Sporobolus virginicus 2     
Samolus repens 2     
Asparagus aethiopicus      
      
      
      Location: Towra Point - Site: 2 
Swamp-Oak Saltmarsh Mangrove 
Species % Cover Species % Cover Species % Cover 
Casuarina glauca 7 Sarcocornia quinqueflora 8 Avicennia marina 7 
Juncus kraussii 7 Suaeda australis 5 Sarcocornia quinqueflora 2 
Stenotaphrum secundatum 6 Juncus kraussii 5 Aegiceras corniculatum 1 
Cynodon dactylon 4 Sporobolus virginicus 3   
Parsonsia straminea 3 Avicennia marina 2   
Sporobolus virginicus 2     
Samolus repens 2     
Sarcocornia quinqueflora 2     
Commelina cyanea 1     
Monotoca elliptica 1     
Opuntia stricta  1     
Pteridium esculentum 1     
Lantana camara 1     
      
      
      Location: Towra Point - Site: 3 
Swamp-Oak Saltmarsh Mangrove 
Species                                   % Cover Species                                % Cover Species % Cover 
Casuarina glauca 7 Sarcocornia quinqueflora 6 Avicennia marina 7 
Stenotaphrum secundatum 7 Juncus kraussii 6 Aegiceras corniculatum 2 
Juncus kraussii 6 Sporobolus virginicus 6 Sporobolus virginicus 2 
Sporobolus virginicus 4 Suaeda australis 3 Sarcocornia quinqueflora 2 
Chrysanthemoides monilifera 3 Samolus repens 3   
Asparagus aethiopicus 3 Avicennia marina 2   
Axonopus spp.  2     
Hydrocotyle bonariensis 2     
Sarcocornia quinqueflora 1     
      
 
